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ABSTRACT

An experimental investigation of the behavior of an r-f capacitance probe
has shown that the expected decrease in capacitsnce upon immersion in a plasma
may not always be found. Due to the formation of fon sheaths around the electrodes
and the effective conductivity due to collisfons at higher pressures, the effective
separation between the plates may decrease in a plasma, with a resulting increase
in capacitance. Consequently, in the use of thie type of probe, compensatien or
allowance for the effects of sheath formation is required.

A program for D-region simulation by ultraviolet photoionization of nitric
oxide was studied both theoretically and experimentally. First a theoretical
study was carried out, in which the required photon flux was calculated, taking
into accomnt the various loss processes vhich are operative. This showed that a
photon flux of 10** to 10*® photons-cm*-sec™ is sufficient to generate electron
densities suitable for D-region simulation, and that the electron temperature
should be that of the gas for pressures of 10! Torr or greater. Furthermore,
it was shown that a somewhat lower electron temperature should be obtainable with
a krypton UV-tube than with a hydrogen tube.

To demonstrate feasibility experimentally, several tubes of new design were
built and the effects of tube geometry and gas filling were {nvestigated. Krypton
was found to yield a higher efficiency and output than hydrogen or hydrogsu-neon
combinations for the gas filling. UV outputs omne to two orders of magnitude
higher than the output of a commercially available UV tube were obtained. Output
and efficiency were well above the minimum values determined from the theoretical
study.

Finally, a plasma of approximately the desired characteristics was genarated

by photoionization of NDO in a bell jar, and ionization densities and electron
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temperatures of the expected order were obtained, using double probes to measure
the plasma characteristics. Electron densities around 10’ cm™ and electron
temperatures around 1800° K were obtained.

For the development of & large-volume low-temperature plasma, a UVetube design
was chosen which would allow 8 number of tubes to be packed fairly closely in a
bank mounted on the vacuum chamber. A nmaber of these tubes were coustructed and
their characteristics measured. This program resulted in UV-tubes which adequately
meet the requirements for preducing a large~volume plasma, yielding flux levels up
to 10*® photons sec™t per tube. The tubes were proved by life tests and subsequent
operation to have exceptional stability and reliability, and long life. In additiom,
large photon detectors for these tubes were constructed.

The final part of the program was devoted to the development of a largs=~volume
plasna in the chamber, using the tubes developed under the program. Unexpectedly,
the probe curves obtained were of unusual shape, being wholly unlike those obtained
in the bell jar during the feasibility study program. A repeat of the msasuremsnts
in the bell jar also gave ancmalous probe curves. This was finally traced to the
fact that in the later measurements a different sample of NO was used, which was
nanufactured by a completely different process from the first sample, although
obtained from the same manufacturer. Mass analysis of the second sample in the
chamber showed N;0 as an impurity, with a concentratfon of 0.5%. Analysis shows
that N,0 acts as a very effective electron attaching agent, producing negative
ions, as well as distorting the electron energy distribution. As a result,
positive fon and electron densities obtained are two to three orders of magnitude
below those expected, and obtained in the bell jar measurements with the first
(uncontaminated) sample of NO. Thus this type of impurity must be kept to a very
low leval,

Recommendations for further improvements in experimental techniques are made.
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Contract NASw-835 comprises theoretical and experimental studies related
to ionoepheric probing. The theoretical studies are supported by the Office
of Space Sciences of RASA Headquarters, while the experimental studies are
funded by RASA Goddard Space Flight Center (GSFC). Consequently, the final
report on the contract is being divided into corzesponding separate parts., The
present report presents the results of the experimental program.

Work under the contract commenced 1 October 1963, The results of the work
during the first 12 months of the contract have already been reported in detail®,

The experimental program itself comprised two broad tasks, One was the study
of plasma ganeration techniques for {onospheric simlation, especially of the
D=region by W photoionization of nitric axide. The other task wes the development
of techniques for in-flight measurement of antennas aboard a spacecraft (rocket or
satellite). Work on the latter task has been continued under Contract NAS5-9170,
80 that it will not be reported here., Consequently, the present report is devoted
principally to a presentation of the results of the ionospheric simulation program
and related activities.

"Experimental Investigations Related to Ionoespheric Probing," Scientific
Report No. 2, ERC Report No, NAS 835-2, 30 September 1964.
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1. LERCDUCTION

Ionospheric parameters may be measured with a8 variety of rocket-borne probes
or sensors. One type of probe which has been flown on several rockets is a simple
capacitor. Its philosophy is based on the reduction in the effective dielectric
constant of the medium below its free=space value by the free electrons in the
ionosphere. Thus, if a resonant 1C~circuit, using a capacitor open to the
atmosphere, is carried into the ionosphere on a rocket, the ionosphere will cause
changes in the resonance frequency of the IC-circuit. The resonance frequency
in the ionosphere should be higher than vhen the capacitor is cutside the fonosphere,
.I.sboratoty measurements at ERC on such a probe have showm that this idealized
situation is not always found. Due to the buildup of sheaths and the effective
conductivity due to collisions, the effective separation between the plates may
dacreasa in a plasma, with 8 resulting ipcreggg in capacitance. This may help to
explain difficulties vhich hgve been experienced with such probes in rocket
experiments. This vork is described in Sec. 2 of this report,

Laboratory simulation of the D-region of the fonosphere would allow experi-
mental studies of the chsracteristics of varfous instruments used to determine
ionospheric parameters. One of the mttant processes in D-region formation is
considered to be'photoionization of nitric oxide (W), a trace constituent of the
upper atmosphere, by solar Lyman<r radiastfon. Beceuse of the high absorption
coefficient of NO in the ultraviolet around the Lyman-e line, the use of this
process to produce 8 low temperature plasma in the laboratory has been advanced.
This process, therefore, has been studied both theoretically and experimentally
under this contract, with the goal of producing a lowe-temperature plasma in the
large=volume highevacuumm chamber installed at ERC (vhich will be referred te
hereafter as "the chamber”, for brevity). This problem, vhich received the major
part of the effort reported here, 1is discussed in Sec. 3. Accordingly, Sec. 3

comprises the bulk of this report.



Before proceeding with the simulation program on a large scale, a feasibility
study program was carried out. This £s reported in Scc. 3.2, It consisted first
of a theoretical study, in which the required photon flux was calculated, taking
into account the various loss processes which are operative. This was followed
by an experimental feasibility study to demonstrate that UV sources with large
enough efficiency and photon flux to meet the requirements could be produced.
Several tubes of new design were built and the effects of tube geometry and gas
£filling wvere investigated. Krypton was found to yield a higher efficiency and
output than hydrogen or hydrogen~ncon combinations for the gas filllné. UV outputs
one to two orders of magnitude higher than the ocutput of a commercially available
UV tube vere obtained. Output and efficiency were well gbove the minimmm values
determined from the theoretical study. The f£inal step was to generate a plasma
of approximately the desired characteristics by photoionization of NO on & small
scale. This was aeccomplished in 2 bell jar, and 1on1zati-m densitiss and electron
temperatures of the expected erder were obtained, using double probes to measure
the plasma characteristica.

Yollowing the successful demonstration that UVetubes of the requisite output
and efficiency could be built, a program to develop a large-volume low=temperature
plasma in the chamber was undertaken. This is described in Sec., 3.3, From the
various basic tube designs investigated in the feasibility study program, it
remained to choose a design which would allow a number of tubes to be packed fairly
closely in a bank mounted on the chamber. Tubes of the design which was developed
are designated as Mod=D. It was then necessary to fabricate a sufficient quantity
of these tubes and to demonstrate that adequate output could be achieved and
maintained for a reasonable 1ife span. The Mod+D tube fabrication and test
program 1s described in Scc, 3.3.2. This program resulted in highly reliable UVe
tubes vhich adequately meet the requirements for producing a large<volume plasms,




yielding flux levels up to 10'® photoms-sec™®, The tube geometry is compact,
lending itself to close packing in a bank of tubes to increase the UV beam area.
The tubes were proved by life tests and subsequent operation to have exceptional
stability and reliability, and long life.

The final part of the program was devoted to the development of a large-
volume plasma in the chamber, using the Mod=D tubes developed under the program.
This {s discussed in Sec. 3.3.3. Unexpectedly, the probe curves obtained were
of unusual shape, being wholly unlike those obtained in the bell jar during the
feas{bility study program. A rapeat of the messurements in the bell jar also
gave anomalous probe curves. This was finally traced to the fact that in the
later measurements a8 different sample of N0 was used, vhich vas mamufactured by
a3 completely different process from the first sample. Mass analysis of the second
sample in the chamber showed N;0 as an impurity, with a concemtration of 0.5%.
Theoretical vork (presented in Appendices A and B) shews that ;0 acts as a very
effective electron attaching agent, producing nagative ions, as well as distorting
the electron enargy distribution., From the measurement program, electron
temperatures in the uncontaminated sample of N0 used in the first bell jar plasma
of around 1800°K are deduced. Thus the photoionization process does result in a
rathar cool plasma, as predicted theoretically.

Conclusions and recommendations for improvements in techniques are presented
in Secec, 3.3.4.

A brief summary of miscellancous services allied to the plasma simulation
activities is presented in Sec. 4. Finally, an overall summary and conclusions
regarding the entire experimental progran are given in Sec. 5, together with
recommendations for future wvork of this type.



2.  RuE..CARACITAICE PRQRE

As 18 well knowm, the free clectrons in a plasma reduce the effective
dielectric constant of the medium below the free=space value. Consequently,
if a parallel-plate capacitor is {mmersed in the plasma and made part of a tuned
circuit, the resonance frequency of the tuned circuit will vary as the capacitance
is affected by the plasma., This effect has often been proposed as a plasma
measurement technique.

The complex dialectric constant of a lossy plasma in the absence of a steady
magnetic field is

where
x = (9p/0)’ = (£p/f)" = normalized (plasma frequency)® 2
and
oy = N /(em)
N = L2108, cu® (&)
z = vfo = normalized collision frequency (%)

_The imaginatry part of (1) is equivalent to & conductivity.

From (1), under suitable conditions of plasma parameters and frequency, a
measurable change in resonance should result. Consequently, this effect is a
potentially useful diagnostic technique. In fact, GSFC has flowm several
embodiments of this idea in attempts gt measuring the lower levels of the ionosphere,
but no successful results were obtained.

Another such flight {nstrument, designed and built by GSFC, was delivered to
EBC for evaluation in the high=vacuum chamber. This fnstrument contained an
oscillator, vhich was swept in frequency between approximately 1 and 5 Mc, and fed
a tuned circuit. The capacitor of this tuned circuit was comstructed of two planar

screens of coarse mesh to allow the surrounding medium to penetrate betwean the
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plates. The rescnance frequency of the tuned circuit was about 3 Mc in free space.

This unit was pluéd in the high-vacuum chamber between two l-foot diameter
electrodes which were used to develop a d-c discharge plasma. It was expected
that as the plasma was developed, the resonance frequency of the tuned circuit
would increase, due to the lower dielectric constant of the plasma. However,
the opposite effect was nmoted. The 3-Mc resonance frequency (in free space)
shifted to a lo:;er." frequency, corresponding to an increase in dielectric constant,
when the plasma was developed. In addition, a large decrease in the height of
the resonance pesk was observed, indicating a severe loading of the tuned circuit
by the plasme. These effects were realized for various values of pressue between
20 and 5 microns and discharge currents up to 10 ma. At still lower pressures it
was not possible to start the discharge with the voltage (15 kv) available.

In order to explore a wider range of frequency than that available in the
instrument, the following changes were made. The tunmed circuit of the imstrument
was left in its original position in the chamber and fed from a Jerrold model
900A sweep=frequency oscillator mounted outside the chamber. The resonance
indicator consisted of an oscilloscope connected across a 50~-ohm resistor in
series with the tuned circuit. With this arrangement the following observations
were made:

(a) 1Two resonances, ome at about 3 Mc and one at about 5 Mc, were noted.

(b) 1In free space, only the 3-Mc resonance was affected by changing the
condenser plate separation or by placing dielectric material between the come«
denser plates. Thus the 5-Mc¢c resonance appeared to be associated with the feed
system to the tuned circuit.

(c) When the plasms was developed, both the 3~ and 5-Mc resonances were
lowered in frequency. Again this condition pertained to all values of pressure

between 20 and 5 microns and to discharge currents up to 10 ma.



The observations that the plséma produced a heavy loading of the tuned
circuit indicated that the imaginary pert of (1) was large. This, in turn,
suggested a large value of the normalized collision frequency, z. A calculation
of collision frequency, using values of electron temperature measured with a
Langmuir probe under sinilst discharge conditions, gave a value of v of about
60 Mc at a pressure of 10 4. Consequently a value of x = 1 would be obtained at
a frequency of about 10 Mc.

Several other measurements were made with a simple planar condenser consiste
ing of two metal discs about 6" in dismeter which was resonated at various
frequencies with a suitable fnductance. At 15 Mc, a small increase in resonance
frequency (to 15.2 Mc) was measured at a pressure of 10 y and a discharge current
of 5 ma. Using (1), (2), and (3), this indicated an electron demsity of about
10° ca™. Further experimentation showed that about 7 Mc was a transition frequency,
below which the resonance frequency decreased and sbove which it increased vwhen
the plasma was produced.

In an effort to understand fully the preceding observations, some experiments
were conducted with a cylindrical discharge tube {(about 20 mm in diameter and 45 cm
long) with disc discharge electrodes at each end. Brass foil electrodes were
taped outside the central portion of this tube to form a condenser whose free=
space capacitance was measured to be 22 pf. A small coil was connected across
this condenser and fed from the Jerrold sweep=frequency generator. An oscilloscope
was comnected to & tap on the coil to observe resonance. Meesurements in the
.vicinit.y of 170 Mc showed measurable increases im resonance frequency and decreases
in height of the resonance peak when the plasma was generated.

With no discharge, the resonance frequency was measured with a marker gener-
ator, and the height of the resonance peak was noted. Then, at a given gas

pressure, the discharge was started and the voltege adjusted until the height of



the resonance peak dropped by a factor of 2. The discharge current, I, change
in resonance frequency, Af, and the gas pressure, p, were recorded. Measurements
were made over a range of gas pressures. The data obtained are given in the

first three columns of Table 1.

Isble 1

p (microms) Af (Mc) 1 (ma) pAf
70 4,0 0.75 280

150 2,0 0.85 300
220 1.5 1.00 330
350 1.0 1.30 350
700 0.5 2.22 350
2000 0.25 5.10 500

Since each measurement was made with the same reduction in Q of the resonant

circuit, the imaginary part, 3, of (1) was held constant. Thus we have

d = ——--?»1 y & const. (5)

Then, from (1), the real part, R, is

x K]
@el-gyx=l-:.

1f we denote the resonsance frequency with no plasma by f,, and that with
the plasma by f; , we have

1
@7 - Lo
and
1 X2 Y 1 (,_=x
m‘-—-;-- 16 - 10, (1 i;—zrw (JT'?(l .i.-l-—z,) °
Hence

= .“§°“€~2A£~2Af ©
1+z @ § 5




or, from (5),
- ¥ o)
If we assume that the electron density in the discharge is proportiomal to
the discharge current, I, then we see from (3) and (2) that
1. 3)
Further, if we assume that collision frequency is proportional to pressure,
then ve have from (7) that
pAf = const. “
The fourth columm in Table I gives values of pAf, and it {8 seen that this
product {8 rather constant, except for the last value (the value of Af here is
not very accurate, since it was read as the difference of two settings in a region
vhere successive dial marks corrvesponded to a difference of 1 Mc).

Taking note of (8), we may write (5) as

J-consta——I-L—r, ap =z s vjfw

1 + (ap)
or
8
I = const -"—?-;m- . {10)

This relation hes the two asymptotes

\ //
1 ? «< Logl
mpo (‘P) 1 * _ékﬁ

Irp, (sp)*>1.

a
log P
' Pig. 1

Thus on a log=log plot of I vs. p, the curve should have
a shepe as {llustrated in Fig. 1 at the right. At the pressure ppi, corresponding

to the minimum value of I, we have

apnin ™ 1, or Pmin = 1/a.



At pPuin z = 1, so that
Y pmtn = @

To determime N, we can use (6) and (3) once the value of z has been determined.

A plot of I vs. p is shown in Pig. 2, the measured values being indicated by
the circled points. These points suggest a minimm at a pressure of p = 70 p.
Accordingly a curve in accordance with (10) was calculated on the basis of
Pain ™ 70 4. This is the solid line in FPig. 2.

Since z = 1 at 70 i, we have

v pez0y = 2nf = 2w°170 a 1000 Mc.

'lhsnfm(é)

- AL ay Jaxt
X f"(l-l-z) 170 0.09%

Hence from (3)
N 1.26 X 107°€,° = 1.26 X 107° X 0,09 X (170)° x 10%°
= 3.4 % 10" ca®.

This value of K corresponds to a current I = 0.75 ma. For other values of I,
B will vary proportionately.

A straight line fitted empirically to the highar pressure points in Fig. 2
(the dashed line) varies as p"'” , instead of the unity exponeant assumed. This
discrepancy may be due to a variation of collision frequency with voltage scross
the discharge tube.

1£ we convert the value z = 1 at 170 Mc and 70 p to a frequency of 3 Mc,
asgsuming & linesr relation between pressure and collision frequency, then we find
that a pressure of sbout 1y s required for z = 1 at the lower frequency, and
0.1 4 or 107 Torr for z = 0.1, This is a suitable range of values that should

be used to check the prode.
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It was found later that the thermocouple gauge used to measure p had become
dafective. Hence a second set of data was taken, and is given in Table IZ. The
error in the measurcment of p did not affect the previous results appreciably.

The data of Table II, however, extend over a greater range of p.

Isble IX
£, = 182.5 Mc
2(miczons) AL Ok I (na)
20 4.5 2.3
25 5.5 2.2
30 7.5 3.8
35 7.5 3.5
40 7.5 3.3
45 7.0 3.4
50 6.0 3.2
60 6.0 3.0
70 5.5 2.9
80 5.6 2.7
90 4.5 2.6
100 4.5 2.6
110 4.6 2.5
120 4.0 2.6
130 3.5 2.4
140 3.5 2.4
156 3.5 2.5
175 2.5 2.7
200 2.5 2.9
300 2.0 3.6
400 1.5 4.4
500 1.0 5.7

The logarithmic plot of I vs. p, shown in Fig. 3, illustrates more clearly
the behavior predicted by (10). The plot does not appear to be entirely symmetric
about pni, a8 predicted. The appearance of the discharge at the lower pressures
was fluctuating indicating that the discharge was prome to oscillations, which
was not taken into account in the idealized theory used here. It was found,
however, that the data were eutirely reproducible, so that the deviatiom from
symnetry appears to be a genuine departure from that predicted by the i{dealized
theory.
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Yrom (7) we have

z = vfio = 3£, f2Af (11)
or
v = nSfE, /AL as nIE,° /A, (12)
The collision frequency in its simplest form is given by
v = Pep¥ (13)

where P, is the collision probability for electrons and V is the mesn electron
veloeity. From (13) and (12)

P = (/P> /AL). (1%)
Thus, 1f N 1is proportional to p, then P.¥V should be a constant, and since S
1s held constant in the experimant, the term nd/P.V should be a constant.
A plot of p vs. £,°/Af is shown in Fig. 4. The straight line appears to be a
good fit to the polots. This implies that the assumption thot vop is valid for
the range of parameters used in the axperiment.

-In analyzing the data in Tables I and II it was implicitly assumed that the
plasma £fills the entire inter-eloctrode space of the condenser. Since the
electrodes were placed cutside the glass envaelope of the discharge tube, the
plasas fills only part of the inter-electrode space. The equivalent circuit of
this condenser thus consists of two capacitances in series, as sketched belar in

-

¥ig. 5 Equivaleat Circuit of Plasma Condenser

cp is the capacitance between the inside valls and Cg the capacitance through the
glass envelope. An estimate of Cg showed that Cg was large compared to Cp, 80

13
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that caly a small correction to Cp would result,

Por a high=~pressure plasma (and hence large value of z), where the plasma
has the properties of a conductor between the plates of c,. cp will be effectively
shortad out, leaving oaly cg as the effective capacitance of the arrangement.

Twms, since Cg is larger than Cp, the effective capacitance will ipcrease whenm the
plasma i{s formed under such conditions. This was actually observed at lower
frequencies in the glass discharge tube,

The same type of effect can be produced if an fon sheath forms around the
electrodes of the condenser vhen the plasma is generated., The sheath, being devoid
of electrons, will behave like a layer of vacuumm at the r~f excitation frequency,
resulting in an equivalent capacitance Cg that depends on the sheath thickness.
Thus the formation of an ion sheath will result in a condition represanted by the
equivalent circuit shown above. This suggests an explanation for the increase in
capacitance (decresse in resonant frequency) that was observed in the large vacuum
chamber. Since the lowest pressure used vas about 5 X 10°° Torr, the value of z
8t 3 Mc was 5 or more. Consequently the plasma acted essentially like a conductor,
80 that the cspacitor Cp was effectivaly shorted ocut, as discussed sbove, leaving
oaly Cg in the circuit. Por a thin ion sheath, therefore, the effective capacitance
would increase wvhen the plasma is generated.

The above discussion indicates that careful asttention is required in the
design of a condenser type probe to compensate for the effects of sheath formation.
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3. DEVELOPMENT OF A LARGE~-VOLUME, IOW-TEMPERATURE PLASMA BY PIDTOJONIZATION
[T85) »

3.1 Iatroduction
Que of the tasks under the contract was to detemine the feasibility

of producing a low electron temperature plasma through ultraviolet irradiation
of an atmosphere containing nitric oxide. The 1on1§ation of nitric oxide by
solar Lyman- radiation (A = 1215.6A) is considered to be one of the basic re-
actions giving rise t§ the daytime D-layer of the ionosphere [1]*.

The germane propertias of the aﬁnsphere in the region of the D-layer are
sumarized m Table Iﬁ. taken from t2]. The electron demsity ranges frem 10 to

10* em™3, with electron and ion temperatures believed to be fdrly close to those
of the gas.

Table ITI
Propert:ie;s of the Atmosphere in the Region of the D-layer
Hedght Temp. Mumber Density p _

og en™S Torr M
.50 283 2.25 x 10t° .659 26.97
.60 284 - 7.26 x 10*8 .192 28.97
70 210 2.08 x 10'® .0452 28.97
80 166 4.48 x 10*¢ .00756 28.97
90 166 5.90 x 103 .00102 28.97

A good simalation of the D-region wuld be produced by a plasma having the
following properties: (a) electron densities in the range of 10 to 10* em™,
(b) electron and ion temperatures in the order of 300° K, and (c) total gas
pressures ranging from about 0.6 to 0.001 Torr.

*

Humbers in brackets refer to the correspondingly mmbered references in the
Bibliography on p. 226
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The work on this problem was divided finto the following tasks, or goals:

1) To demonstrate feasibility theoretically.

2) To demonstrate experimental feasibility by showing that UV
sources with large erough efficiency and photon flux can
be produced.

The degree to which these goals have been met sre described in detail in the
following sections. Section 3.1.1 is a theoretical feasibility study of the
photoionization of nitriec nzidé (W), in vhich it 1s shown that a photon flux

at the Lyman<r line of hydrogen of 10 to 10'® photons-en™®-sec™? 1s required.
Section 3.1.2 describes an experimental feasibility stﬁdy of UV sources (vhich
will be called UV-tubes hereafter), through which it was demonstrated that tubes
with the requisite characteristics can be made. Experiments are described which
1ed to the generation of a small scale plasma by photoionization of MO with
electron densities of 10° to 10° eu® and electron temperatures lass than 6000° K.
From these, it appears feasible to produce & larger scale plasma in the chamber.

3.2 Feasibility Studv Prosram
3.2.1 ZIheorstical Fossibilitv Study

3.2.1.1 Intreduction
The photolonization of NO may be accomplished by irradi~

ating & volume containing NO vith a beam of ultraviolet radfation from a hydrogen
dischargs. In the calculations to follow, it is assumed that all of the UV
onl:put of the hydrogen dischsrge is concentrated in the Lyman-@ line of hydrogen.
The UV beam photoionizes the MO, generating electrons with initial birth energies
equal to the difference batwaen the photon energy and the ionization energy of
NO. The electrons and fons 80 generated are then thermslized by collisions with
the gas atoms and eventually disappear through loss processes such as recom~
bination, attaechment, and diffusion to the walls, Tha production and loss
processes will now be discussed 1a turn.

17



3.2.1.2 Electron Source
From [3], the photoionization eross section of NO for

Lyman-o radiation is

og = 2.02 x 107° o®
and the total absorption cross section is

op = 2.4 x 10722 cof
These cross sections lead to the values of the UV beam e~folding distances given
in Table IV. The electron volume source strength, S, is defined by

S = 353 = 0Ny (15)

where N 18 the particle density per em®. Fig. 6 is a plot of S as a function

of Lyman~-o photon flux, 2, for various pressures.

Table IV

Lyman-o e-Folding Distance in NO as a Function of Pressure

The excess Lyman-o photon eénergy over the fonization emergy is 0.95 ev,
which {s equivalent to a temperature of 11000° K*. Therefore, the electron
temperature cannot exceed this value, and no doubt should be comsiderably less.

The messurements of UV-tube performance, described later in Seec. 3.2.2
indicate that the maximum feasible photon flux obtainable lies betweem 10'*¢

and 10'® photons cm™ sec™!. Therefore, the rest of the considerations

-
llere the temperature is defined eso that the emergy = kT.
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wvill pertain to photon fluxes less than 10*® photons-cm™egsec™?.
3.2.1.3 lossg Processes
3.2.1.3.1 Recombination
There are three recombination mechanisms. These

are radiative recombinstion (W' # e ~ NO + hv), dissociative recombination
(0" +e ~ N+ 0), and three=body recombination (N0' + N0 + e — 2 N0). Values
c;f the corresponding recombination rates ap, ap, @p, as given by various referenced
suthors are given in Table V. The total recombination loss rate Ly, £s given by

lo = an® = (o + op + apo® (16)
vhere n 18 the electron density. The electron loss rate for the various re-

ecombination mechanisms, as a function of electron density, are plotted in Fig. 7

Table V

Recombination Ratée Coefficients for Nitrie Oxide

Reference op (coP=gec™) ap (em’-see™') ap (cm®=sec™®)
[2] 3 x 1072 3 x 10~ 10728
[4] 1.3 x 107
[5] <2 x 10
(6] 1 x 1078

for several pressures. In the subsequent calculatioms, a value of op = 10™° o’
=gec™! 1is used.
3.2,1.3.2 Attachment
Data on the attachment cross section and rates

ia N0 are almost non-existent. A rough order-of-magnitude guess as to their values
can, however, be made by examining the data for oxygen and nitrogen.

There are three processes whereby electrons may be lost from the plasma by
attachment. These are radiative (RO + @ = NO™ + hv), dissocfative (N0 + e ~ N +0™),
and threc~body attachment (NO + N0 + e - 0™ + 10). Making use of data for the
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analogous processes for nitrogen and oxygen, we find the following estimates
for thc reaction rate coefficients:

B ~ 1072% to 107° cm®esec™

Bp ~ 10728 crP-gec™?

By ~ 10-50%? caPegac~t

In [4], we find Bg = 4 X 107! e®esec™®. Thus Bp = 1072° cn’-gec™ is

taken as being a reasonablc value for the following calculations. The loss rates
for the various recombinatfon processes, as a function of electromn density, are
also shown in Fig. 7 for various pressures. For pressurcs £ 1 Torr, dissociative
recombination is the dominant loss process at the higher electron densitics
( > 10'°). Three-body attachment is the dominant process for lower densitiecs
( < 10°) at 1 Torr. Three-body attachment is comparable to dissociative attach-
ment between 0.1 and 0.01 Torr. At lower pressures, dissoeiative attachment
becomes the dominant loss process at lower electron densities. 1In Fig. 8 the
total loss rate is plotted as a function of eleetron density with gas pressure
as parameter. The total loss rate, L, due to non-diffusive processes is given

by

L=1g+1Lg = (2R +0p + opgi)n” ¢+ (Bn + Bp + Bp)Mn. (”n

3.2.1.3.3 Diffusion
The free diffusion coefficient of a single
species is given by
D, = E/3 (18)
vhere € = (Bk'r/m)% is the mean veloeity, A is the mean free path, and + and <
denote ions and electrons, respactively. However, when both fons and electrons
are present, and the eleectron and ion densities are sufficiently large, the ions

and electrons do not diffuse independently, and the diffusion eoefficient is the

22




TOTAL NON-DIFFUSION LOSS RATE, L (cM~3 - sgc~1)

1014

1013

1012

1011

1010

109

108

106

10°

10

T LTI T T T T T T T T I T T T T T T T T T T TR
:I (IERRERE! v it [ R ER]] [ R P rin i i1
L o =106 cM3 - sec!
D

L g =10"15 cM3 - sec”! —
— D =
— g <1076 o3 - spc”! —
— "R —_
. By = 10730 cMb - secl /// -
L — £ —|
— ]
_— / ——
—— / /I ——
= =
— —
— =
r—- —

L [ LOLRRE ot i ettt
10° 10% 105 106 107 108 109 1010

ELECTRON TCENSITY, n (OM™ 3

FIG. 8 TOTAL NON-DIFFUSION LOSS RATE IN NO AS A FUNCTION OF ELECTRON
DENSITY FOR SEVERAL GAS PRESSURES

23



Thus at r = 0O,

n = ng = (S/4D) a°® . (25)
1f a # b, (222) and (22b) must be solved simultaneously, subject to the boundary
conditions

1) atr=b, pg =0
2) at r =a, n, = ny and dny/dr = dng /dr

The general solutions of (22) in the two regions are found to be:

Region 1: n, = (~S/4D) 1> + Ay, r S a, (26a)
Region 2: ny = Agdn(r) + A,, a Sr Sb, (26b)
Then from the above boundary conditioms,
ng = no{f2 Zo (b/a) + 1] -(r/a)a} (27a)
e 0y = 2npin(d/r) . (27b)
Thus at r = 0,
t = ngf[2fu(/a) + 1] (28)

vhere no is the density that would be obtained if b = a.
It is thus seen that the density obtained on axis with the walls located
at r = b is equivalent to 8 bare system with radius a,, where
2, = ac? (29a)

where

¢® = [2n(b/a) + 1772, (29b)
A plot of C va. b/a is given in Fig. 9.

(b) Por the case @ n® << B n, (21) may be solved for a = b.

This is the case of a plasma of sufficiently low density that recombination is
not important, but attachment losses are the same order of magnitude as diffusion

losses. In this case (22a) may be written

. %’?" +r 88 . @) P = (- s/m) & (30)
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Clearly, the inhomogeneous equation has the special solution
n=S8/B. (31)
The homogeneous equation can be transformed into a2 modified Bessel equation of

order zero. Thus a solution of (30) which is finite at r = 0 is

n = aly(ar) + (S/B) (32)
vhere o® = B/D. With the boundary condition n = 0 at r = a, (32) becomes
n = 6/B)1 - [1o@r)/1ptan) 1} (33)
Hence, at r = 0,
o = ng{l - [1/1, (e} 1} (34)
vhere
ng = S/B .

Por (oa)® << 1, it is easy to show that n = ng Pa? /4 = ny,, as it should.

(¢) The validity of (22b) is now considered. Clearly (22b) will not
be valid throughout the entire region a < r £b. It will be valid, however, in
some more restricted region a < r < ¢ < b when

2D ng/r® >> on® + Bn . (35)
At some value of r = ¢ < b, the tw sides of (35) will approach equality. At

this point, the boundary effectively has been reached. This means that there

exists some value of b where increasing b no longer deereases the diffusion losses.

The mathematics beyond this point becomes quite involved, and no good method of
presenting the results is known. However, this will present no major obstacle to
the present goal of obtﬁining a reasonable estimate of the photon flux required to
obtain a specified electron density at a specified NO pressure.
3.2.1.4 Plasma Densities
3.2.1.4.1 Infinite Plasma
For an infinite plasma there are no diffusion

losses, so that the electron densities, as a function of photon flux, are limited
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by recombination and attachment. The electron density can be obtained by setting

L=§. (36)
Since this i{s the minimm loss situation, the electron densities so obtained
represent upper limits. The result; of (36) is plotted in Pig. 10 for various
pressures. Fig. 10 illustrates the strange fact that, at sufficiently low photon
fluxes, lowering the gas pressure can increase the electron density.

The next question is how largs does the plasma have to be in order to be
essentially infinite wvhen sitting at the center? When b = a, from (24) the
losses due to diffusion, Lp, are given by

Ly = 4 D n/a® . 37

Defining the critical radius ac to be the radius for whieh Ly = 0.1L, then
from (37)

ec = [4Dn./0.1L]% (38)
where n, is the electron density for am infin{te plasma. The value of a, as a
function of a photon flux obtained from (36) and (38) combined is plotted in Pig.
11 for various pressures. The curves have been smoothed slightly in the transition
regions.

If b # a, then a lower limit on the eritical radius can be obtained by
multiplying a. by the factor C™“of (29b) and Pig. 9. The length of the plasma
colum should be roughly 10 ag,

3.2.1.4.2 Pinite Plasmes
For a finite plasma, we consider as a typical
case one wvhich can be generated in the chamber. In this chamber, 8-inch diameter
ports are available at each end for bringing in the UV beam. Thus, & s 10 em.
The chamber is approximately one meter in dismeter and approximately two retaers
long. On the basis of the preceding discussion, in order to estimmte the electron

density that can be produced in this chamber as a funetion of photon flux, n has
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been calculated as a function of photon flux for a = 10 em, b/a = 1 for pressures
ranging from 107* to 1 Torr. The results are plotted in Pig. 12. At p = 1 Torr,
the electron density on axis is essentially that for an infinite plasma. At

P = 0.1 Torr, and for electron densities below the transition point between
recoabination- and atudnené-linieed loss, the losses are a mixture of attachment
and diffusion, so that (35) was used in the calculation. For pressures < 10”2
;l'orr, the losses are dissociative recombination limited for high fluxes, and
diffusion limited for low fluxes. No attempt was made to calculate the transition
regions between the attachment-limited and diffusion-limited regimes accurately.
Densities in these portions of the curves are ahown daahed_.

Sinece it has been assumed that b/a = 1, the electron densities of Fig. 12
are on the low side. On the other hand, if sufficient thermalization does not'
take place, or if the assumed value of D, is too small, or if at the lower
electron densities the diffusion tends awey from ambipolar to free diffusion
(see [8], p. 91-93), the values in Pig. 12 may be several orders of magnitude
too large. Asswming for the moment that the values of Pig. 12 are correet, it
1s seen that a flux of 10** photons-em™®-gec™® is sufficient to produce an
electron density greater than 10* en™® at a pressure of 107™* Torr, and greater
than 10° cu™ st 10™® Torr. Even if the diffusion is completely free and the
loss is actually given by D., which is about two orders of magnitude greater
than Dg, a photon flux of 10** ™ would give an electron density greater than
10* ™ at p = 10™ Torr. Thus photon fluxes greater than 10'* photon-em™*-gec™?,
would produce sufficient densities for I~Region simulation in this size system,
provided certain conditions to be discussed in the next two sections are met.
These conditions involve ion and electron mean free paths, sheath thicknaesses,
and thermalization.
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3.2.1.5 Msau Pree Paths and Sheath Size
For good D-Region simmlation and to have a true

plasma, it is required that the following conditions be met:

(a) The ion mean free path A\, << g.

(b) If possible, the clectron mean free path )\, <X a.

(c) The Debye length Ap <X a.

(d) Sheath size X < a,
These conditions must be met by any simmlation system and really serve to es-
tablish a lower limit on the size of the simulation region.

So far, data on mean free paths of ions and electrons in NO have not been

found. However, those for N, should be reasonably close. [7] gives the values
for A, and A\aq shown in Table VI.

Table VI

Yon and Electron Mean Free Paths in N, as a Munction of Pressure

A, (cm. at As (em. at ),e (em. at
P ggorrl 0.03 evz 0.03 evz el ev)
1 5 X 1073 0.62 5 x 10~3
0.1 s X 1072 6.2 $ x 107!
0.01 5 x 107t 62 5
0.001 5 620 50

From these values it is seen that condition (a) is met for all pressures = 10~
Torr and condition (b) on Ay is not met for pregsures much less tham 1 Torr. If
thermalization has taken place and n 2 10* en™, A\p 5 1.2 em. Since the Debye
length is governed by the ion temperature [9] and the ions are thermalized in &
couple of collisions, the condition on Ap will be met for all gas pressures 2 10™°
Torr.

To estimate the sheath size, 1t is possible to make use of the fact that

the plasma will assume a potential such that the walls are at a potential V¢




ambipolar diffusion cocfficient, which is given by

Da = (Db, 4Dy h0)/ (g tpes) (19)
vhere b is the mobility. Furthermore [7, p. 123], 4f pu. >> u, and Te >> Ty .

Da = kTel, /e = Tom, /11,6C6. _ (20)
Gunton and Ion [4] find that Dy = (80/p) cm’-aec”', where p is expre?sed in Torr
at an estimat:éd temperature of 0.04 ev.

In the following ecaleculation, tﬁe fact that electroms of highér energy
diffuse faster will be neglected, and only the loss of thermal (1.e., approxi-
mately 3 ° K) Maxwellian-distributed electrons will be considered. A cylindri-
cal photon beam of radius a, passing through a cylindrical colummn of ND of radius
b, b 2 a, will be considered. Then ‘

-S,r%a.
DV*n - @n3+ Pn) = @n
0,a2rzb.
Subjeet to the boundary condition that the plasma demsity goes to zero at the
walls*, this equation may be solved for the case of an infinitely long cylinder
under several sets of useful eonditions:
(a) Por a plasma where losses due to diffu;ion are dominant, i.e.
L<< 8, we have for r £ a
p¥Pn=-5 . (22a)
Forasrsb ‘
pPa =0 . (22b)

Por an infinitely long eylindrical plasma column, (22a) reduces to

-d?--i-r e s/p . 23)

1f a = b, 1.e., the walls occur at the beam boundary,

n= (- S/4DY (r®-a?) . (24)

*

This boundary condition is only approximate. It leads to an overestimate of
the losses and, hence, an underestimate of the electron demsity.
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with respect to the plasma, where Vg is given by [10]
VE = = (Ta/23,212)4n(m, Ta/meT, ) . (c9)
Then, for a planar geometry, the sheath size is given in turn by rll]
x® = 2.336 X 107*V¥*[1 + (2.66//7,) Wne/m, /3,
vhere |
T = eV/kT, = 11,606V/T,
and j, is the random ion current density given by
o = (8T, /21 m)¥ en |
Thus
2 = 5.04 X 10%5. 7" 1 + (2.66/7,)1/n ¢o)
vhere ¢, = 11,6C6/T,. x, for T, = 300° K, is shown in Fig. 13 as a function of
electron density for several electron temperatures. It is seen that condition
(d) 1s met, provided that the electron temperature is not much higher than 3c0° k.

3.2.1.6 Thermalization

Thermalization is the process whereby a group of parti-
cles (here electrons or ions) born at some energy higher than the mean thermal
energy of the surrounding medium comes into thermal equilibrium with this medium.
This occurs as a result of energy transfer from the particles to the medium by
collisions, and thus is dependent on the details of the collision process.

Since an NO ion in NO can lose a large fraction of its energy excess in
one elastic collision, it takes only a few collisions for the ion to reach
equilibrium with the gas, so that the ion temperature will be substantially the
same as the gas temperature if the beam size is greater than the ion mean free
path. i.e., a > A, (see Table VI). On the other hand, for an electron, because
of the small ratio of electron to molecule or ion mass, it takes many elastic
collisions (approximately 10* to 10®) to come into equilibrium with the gas.

Hence the slowing down of electrons is very dependent on the details of the
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energy loss during & collision, which, in turn, affeects the energy dependence of
the collision frequency. For the energy range of interest, 0.025 ev to 1 ev,
these details are not known for ND. Consequently, this will lead to some
uncertainity in the results of the ealculations below.

While slowing down, the electron will travel some mean "crow flight"
distance, R, from its point of birth. If the system dimensions are greater
than R, then the electrons will come to equilibrium with the gas, resulting in
a relatively cold plasma. If the dimensions are less tham R, however, then
thermalf{zation will not occur. In this case, a result of the mature of the
dependence of R on initial and final electron energy, the plasma will be warm
(several 1000° K). Since the distance R obviously will decrease with increasing
pregsure, there will be some pressure around which the transition from a warm
to a2 cold plasma takes place.

In the following, some calculations are made to determine this approximate
transition pressure for a large volume plasma in the large highsvacuum chamber.

An estimate of R may be obtained by means of Fermi age theory. R is related
to the age T by T = R*/6. In turm, the' bage for slowing down from enmergy E, to

energy E is given by [12] -

Eo
1®) = [ [va/8 wa@Iwlae/e 1)

vhere o0g (E) is the electron scattaring cross section at energy E, v is the
electron velocity, and where £ 13 the average logarithmic energy decrement. For
the case at hand, § is given by

€ = 2my/m =3.63 % 107¢ . (42)

Making use of (20), (41) becomes

To
(1) = [ [nk/ eEve(my) et (43)
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where

Ve(E) = Ws(g)v = pPe(B)v (44)

is the electron collision frequency at energy B = kT, v = (Zk'r/m)%

ig the
thermal velocity, Pe is the collision probability at pressure p = 1 Torr, T = Bo/k,

and T = E/k. Since p, and § are independent of electron energy, (43) reduces to

To
TN = [/ @) ativem . 45)

Clearly, to proceed further one must know something about the energy dependence
of ve. " Two cases are considered: In the first, ve is assuned constant. In the
second, V¢ is assumed to vary linearly with energy.

(a) V¢ constant
If V¢ is constant, (45) becomes
T(T) = [k, k/(eEve) 1(To~T) . %6)
To evaluate this, we need to find u, and ve. For i, we make use of the result
from [7] that for T, = T
Dg = 2Tou k/e .
Using Dg = 80/p em®-sec™®, this gives, for T. = 300° K,
Da = (80/p)cnPegec™, p, = (1.55 X 10°/p) cm®=sec towoilt™? |

Since collision frequency data for ND are not available, we use the values
for By as a first approximation. Then from [7] we obtain Pe = 1.6 at 300° K; from
[8) we obtain Pe m 20 at 0.95 ev (11,000° K). Insertion of these values into (46)
leads to

Ve = 1.525 X 107p sec™ at 300° K
Ve = 1.155 X 10°p gec™® at 0.95 ev (11,000° K) .

These two values are two orders of magnitude apart, and belie the assumption

that V¢ is constant. Nevertheless, taking the arithmetic average of these two

values for the value of Ve to be used in (46), we find that for slowing down
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from 0.95 ev to 300° K
T=6.73 X 10%/p® en®
and thus, that
R = (0.635/p) em . 7
®) Ve & Linear Function of Energy

Assuming that the electron collision frequency varies with energy
as
Ve = 8 + bT, (48)
(45) becomes
T(T) = [k/(e8) b7  da[ve (To)/Ve(T)] . (49)
Fitting (48) to the two end points gives
a=-21.71 X 10" sec™ and b = 1.066 X 10° °k ~? gec”? .
Hence, from (49) we have for thermalization from .95 ev to 300° K :
T = (0.15/p°) e
so that |
R = (0.95/p) em . (50)
The two estimates (47) and (50) differ by a factor of only 1.5, in spite
of the different assumptions regarding vg.
1f thermalization is to oceur, then we should have a > R. Taking the larger
of the estimates (47) and (50), we find R = 0.95 em for p = 1 Torr. Thus,
thermalization definitely should occur for p > 0.1 Torr in the chamber.
We now have to examine closely the assumptions that the collisions are
elastic and that vg varies linearly with energy, which lead to (48). No data,
of course, are available on the detailed energy dependence of P. for energies
much below 1 ev. However, the N0 molecule has many vibrational and rotational
energy levels lying in this enefgy range. Thus, one would expect that the

collision cross section would remain large until the electron enargy has dropped
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below the lowest level. Further, these collisions should be inelastic, with
much greater energy degradation (perhaps by a factor of 10 or more) than fmplied
by (42). Such behavior is exhibited by most diatomic molecules (see [7], p. 107)
and accounts for the linear dependence of the electron drift veloeity on E/p in
diatomic gases. Thus (50) should represent an upper limit on R, and the actual
value of R could be as much as a2 factor of 10 or more less than the value given
by (50). An estimate of these effects may be obtained by taking Pe to be constant
at its value for 1 ev (Pe = 20) and assumes £ to be 10-times greater than the value
in (42); then from (44) and (45) we find
R=0.19/p em .

Thus, for 0.1 Torr > p > U.UUS Torr we have a transition region where the question
of thermalization in the chamber is still open. Below approximately 0.005 Torr,
thermaiization elearly would not take place.

One way of reducing the electron temperature is to use lower energy photons,
and thus impart & lower excess energy to the electrons at birth. Krypton has a
resonance line at 1236A, whiech would result in an electron birth energy of 0.75 ev.
Thus a krypton discharge, instead of hydrogen, should yiaeld somewhat lower electron
temperatures. In addition, the use of a buffer gas with high scattering cross
section could give an additional improvement.

3.2.1.7 Conclusions

The results of the theoretical study lead to the following
conclusions and recommendations:

1) A photon flux of 10** to 10*® photons-em™=gec™® 1s sufficient
to generate adequate electron densities for D-region simulation for total gas
Pressures down to 10™* Torr in the chamber.

2) The electron temperature in the chamber will be that of the gas
for pressures equal to or greater than 10~ Y Torr. Por 0.1 Torr > p = 0,005 Torr a

transition region occurs where the degree of thermalization is still an open
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question. For p < 0.005 Torr thermalization will not oeceur to any great extent
and the electron temperature will be in the order of several thousand degrees.

3) A somewvhat lower electron temperature should be obtainable
with a krypton discharge.

4) The use of a buffer gas with large electron scattering cross
section should further enhance thermalization and thus result in lower eleetron
tempaeratures.

3.2.2 Experimental Peasibility Study
3.2.2.1 UV Sources
3.2.2.1.1 Introduction

The preceding theoretical study indicated that UVe
tubes having hydrogen Lyman-x photon fluxes of 10** to 10'® photons-em™2-sec™® in a
photon beam of 10-ecm radius, would provide adequate DeRegion simulation in the large
high-vacuum chamber. If it i{s assumed, from practical considerations, that the
upper limit on window size for a given tube is approximately S-cm dismeter, and
that the upper limit on power dissipation for any one tube is approximstely 100
wvatts (5 watts-m") then, since one hydrogen Lymen-e photon has an energy of
1.6 X 107! org, the values of maximm photon flux as a finction of efficiency may
be caleulated. These calculations are given in Table VII, allowing for ¢ lithium
fluoride (LiF) window transmission of sbout 35%.

Table VII

Maximum Photon Flux as a Function of Source Efficiency
(maximsm dissipation S wvatts-co® of window)

Maximum equivalent Hydrogen Lyman=a

Efﬂcioncx__(mg_ Photon Flux tons=cm > -gec™t
1.0 10*®
0.1 10t
0.01 1034

Table VII indicates that UV sources having efficiences of 0.01 to 0.1% are
required. A part of the present progran was to demonstrate that a UV source
having the required efficieney could be made. In addition, some of the problems

of large tube fabrication were investigated.
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3.2:2.1.2 ZTube Desisn Copsiderations
The only knoun commercially available sealed DC

discharge UV source tube is mammfactured by GBL Associates according to an NRL
design. This tube type is not suitable for the present application. The discharge
bean 1is produéed in a capillary tube only 2-3 mn in diameter, and the tube has a
low efficiency (in the order of 10°2 percent), Consequently, design improvements
were necessary to raise the tube efficiency and beam cross section i.ﬁ order to
obtain & much higher photon flux output;

From a consideration of the GBL tube geometry, it was surmized that the low
efficiency may be due to two factors: First, only those photons in the arca of
the beam impinging upon the LiF window escape and are effective. From geometrical
considerations, this area is only about 0.5 percent of the total surface area of the
capillary tube. The second possible scurce Of ineifficiency may be adsorption in
the discharge tube, with consequent line reversal.

These were the primary reasons which lead to considerai:ion of several
approaches to improve the source tube efficiency in order to obtain the requisite
size beam. These approaches were:

{(a) Use of thin planar d=¢ discharge tube, one side of vhich is the LiP
window. Under proper conditions this should place a large percentage of the total
surface area of the discharge (approaching 50 peicent) against the IiF vindow,
ninimizing absorption and geometrical losses.

(b) Addition of a hot tungsten filament to the GBL tube. It was thought
that the hot tungsten filament would dissociate the hydrogen and decrease the total
power consumption for a given UV cutput.

(c) A "scaled-up" GBL tube with or without diséociacion filaments,

(d) Develop a low=voltage {20 to 40 volts), highecurrent-density sheet

electron beam directly behind and paralliel to the LiF window. In this tube the
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pressure would be adjusted so that the distance between the accelerating grid and
the anode would be about onc mean free path for excitation. This would be a low
voltage device i{n contrast to a DC discharge system, and should operate with
high photon to DC power efficiency.

(e) Develop a DC discharge within a cylinder of LiF. This dasign places
the max{mum poesible area of the source against the LIiF.

(£f) Use other gases, such as neon, helium, or krypton mixed with the
hydrogen to decrease self-absorption and to improve discharge efficiency. This
approach utilizes the Penning effect to decrease the energy for iomizatiom and
theoretically should lead to a eonsiderable improvement in efficiency. This
approach also contemplates the possible use of krypton alone, since it produces
outjmt in the usable wavelength range and can lead to very long=lived tubes {[15].

3.2.2.1.3 Yindow Saal

The problem of sealing the LiF window to the glass
body of the hydrogen discharge tube has been considared in some detail. The
somewhst standard approach is to seal the LiF window to the tube with silver
chloride {AgCl). Both the edge of the window and the glass arc silvered aund then
the AgC! is melted into place. The full technique is describad in [13] and [14].
This approach is relisble for windows having diameters less than about 7/16 inch
(although windows up to 3/4 inch diameter have been successfully sealed, [13]).
With larger windows, the following problems arise: After installation of the
window, the tubes need to be baked® at about 450=500°C to outgas the glass envelope
and discharge electrodes. The large differemce in coefficients of expansion of the
14{F and the glass body causes the glass body to crack during or after the baking

process.

*

For non=baked tubes an e resin with the trade name Torr-Seal works quite
well, and Wikinson [15] now uses black sealing wax (Apiezon W).
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LiP has a high coefficlent of thermal expansion (37:10°%/°C). Because of
this, it appears that, 1f normal techniques are used, and a high temperature
(400°C) bake after sealing is required, it will be impossible to seal a 2-fnch
LiF window directly to Pyrex, but that it might be possible to seal a 2-inch
window directly to alumimum, and, possibly, to silver, copper, or stainless steel.

Several methods of avoiding the problem of differential thermal expansion
between the window and the envelope appear to be possible:

(a) The baking can be carried out in vacuum before the window s
sealed, After cooling dowm, the window is sealed on, the entire operation being
performed under vacuum, The mechanical arrasngements required for this procedure
appear to be practicable.

(b) A bellows type of joint between the window and the envelope could
e iutruduced TO rake Up the dirierencial expansion,

(c) Yor application to experiments in the chamber, thorough outgassing
by a high temperature bake probably could be dispensed with, Instead, the UV~
tubes could be filled just prior to an experiment. The useful 1ife then probably
would be one or more days, vhich should be adequate for any one experiment. The
tubes then could be rejuvenated by flushing and refilling with a clean mixture,
vhile the chamber was being prepared for the next set of experiments.

(d) As a further improvement over (c), a continuous f£low system could
be set up to maintain gas purity.

3.2.2.1.4 Exeorimental Tubes

After consideration of the factors discussed above,

& mmber of experimental tubes vere fabricated. Of the approaches (a)=(£f) discussed

in Sce. 3.2.2.1.2, (d) and {e) were rejected as being outside the scope of the
present program. The remaining ideas were embodied in one or more experimental
tubes.
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FIG. 15

""SCALED" STANDARD DC DISCHARGE TUBE WITH ONE
CENTIMETER DIAMETER BEAM, TUBE D-3
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17 GAS HANDLING SYSTEM

FIG.




In order to have available a reference standard, several tubes were fabricated

after the GBL design. These will be referred to as “standard" tubes, and will be
designated as tubes A-l, A-2, or A-3, In addition, three tubes of this design,
but with tungsten filaments added, were fabricated. This will be designated as
A4, A=5, or A*6. One of these is shown in Fig. 4.

Two types of planar discharge tubes were designed and constructed. The first
type had a non=confined geometry where the electrodes ware located next to the
window with a large volume behind the window. These tubes will be referred to
as B-1l, B-2, B=3, or B~4. The second type had a confined geometry, where the
discharge was physically confined between two closealy spaced glass plates, one
of vhich contained the LiF windos. These tubes will be referred to as B=5 and
B=6. 1In B-l, B=2, and B-3, the windows vere sealed with AgC#, while B=4, B<S5,
and B=6 were sealed with Torr Seal.

Three scaled-up versions of the standard design were constructed; these will
be designated as D=1, D=2, or D=3. In D=1, the window was sesaled with AgCZ, but
cracked at the seal on cooling. D=2 and D=3 were sealed with Torr Seal. Ome of
these tubes is shown in Pig. 15,

3.2.2.1.5 Gas Bandling Svstem
A gas handling system was constructed to £ill the
experimental discharge tubes with various mixtures of gases at varying pressures.
The various gas mixtures vere formulated at reduced pressure (~ 200 Torr), in
500 m¢ flasks, which were then sealed off and removed from the system. As the
various mixtures were required, the 500 m? flasks vere attached to the system and

used to £111 the tubes, A block diagram of the system 1s showm in Pig. 16 and a

photograph of the assembled system is shom in Fig. 17. The system allowed £11ling

of as many as four discharge tubes simultancously. This ensured that the gas

conditions in these tubes would be identical. The system could be evacuated
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initially to a pressure of less than 8 X 10”°® Torr. Filling pressure measurements
were made with a McCleod Gauge, except above 10 Torr, where a mercury U-Tuabe
manometer was used. The pressure rise, as a function of time, due to ocutgassing

of the walls in that portion of the system to vhich the tubes are attached, was
measured. (This portion of the system is always trapped with liquid nitrogene)’

A typical outgassing curve {s shown in Fig. 18, For those mixtures where the

minor constituent has a concenttatim-: of abdut: 0.1 percént, and the filling pressure
is about 1 Torr, the contamination of this constituent will run up to about one
part per thousand. Contamination is greater, of course, for filling pressures
below 1 Torr. This contamination could be reduced by adding baking facilities to

the system. Because of this level of contamination, a bakeable gas handling system

was used in commection with the follow-on program described in Sec, 3.3.2.€.

3.2.2.1.6 porformapce Tgats
3.2.2.1.6.1 ]Introduction

Tests were performed on several standard
tubes (A<1l, A-2, A-3) and on tubes A-S, B=3, B=4, B<5, D*2, and D=3 for scveral
different gas mixtures over a vide range of pressures. In all cases the performance
of Tube A~5 was used as a basis of comparison. Tube current, I;, tube voltage, Vi,
and UV output were measured., The circuitry for measurement of tube voltage and
current is shown in Fig. 21,

The detectors which vere used to measure the UV output were nitric oxide
fionization chambers with lithium fluoride windows., Three different detectors
having different efficiencies for Lyman=r were used. All results havc been
normalized to the most efficient detector. The detectors were operated at 45 Qolts,
a value determined to be optimm by measuring the I-V characteristics of two of
the detectors at varying UV flux levels. Typical curves of detecter current, Ip,

vs. detector voltage, Vp, for three flux (discherge tube current) levels for
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detector No. 2 are showm in Fig. 20. The middle of the plateau occurs at 40 = 45
volts. With the detector operating in the plateau region, the photon flux is given
by the detector current divided by e, the charge of an eclectron, multiplied by the
detector efficiency, flp. Thus Ip = 1.6 X 1075 amp = 10** x Tp photons=sec™!,

From the measured quantities, the discharge tube I-V characteristics, UV cutput
vs, DC power input, UV ocutput vs. tube current, and efficiency vs. tube currenmt
were obtained.

3.2,2.1.6.2 gtapdard Tube Megsurements
Some of the characteristics of threc standard
tubes A=1, A=2, A=3 were measured. Tubes A-~i and A=2 failed after a mcusurement
of detector current vs. discharge tube current, Iy, 80 that no other measurements
were obtained on these tubes.

A complete set of measurements was made on tube A=3 for 10 pa < Iy < 200 pa.
The results are shown in Pigs. 21, 22, and 23. Prom Fig. 21, it is seen that
subnormal glow occurs for 10 pa < Iy < 80 pa and normal glow for 80 pa < Ip < 200 pa.
From Fig. 22, tube UV output varies linearly witk tube current. This 1is to be
expected, since the UV ocutput is from the positive columm, which 18 confined
radially by the capillary tube., Since the column does not change area, and the
number of exciting collisions per unit volume should be proportional to current
density, the UV output should be proportional to the totsl current. It follows that
the efficiency should be constant in the normal glow region and should decrease in
the subnormal region. This feature is showmn 1in Fig. 23.

The voltage drop across the tube is rather large ¢~ 1 kv). This may be due
to the comstriction of the positive columm by the capillary tube, resulting in high
charge loss to the walls with a consequent increase in voltage drop. In spite of

this, it will be seen that the efficiemcy is relatively high.
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The photon flux distribution azcross the LiF vindow was determined by measuring
the flux transmitted through 2 l-mm diameter hole centered on the detector axis, as
a function of its position, x, relative to the discharge tube axis. The recsults
are plotted in Fig. 24. The beam is seen to have a half=power aperture width of
3 mm. The capillary tube is 1.4 mm i.d.

3.2.2.1.6.3 New Designs

The performance of six tubes of four differeat

geonetries was measured with three gas mixtures during six data runs, with gas
pressures ranging from 0.03 to 11 Torr. Tube A~5 was used as a standard of
comparison. The measurement conditions are summarized in Table VIII, in which a
cross indicates that measurements were made on a particular tube. The data for
Run 5 i{s not reported on here since it was run with tube B-5 alone, and almost
identical data were obtained om Run 6.

Iable YIIL

Summary of Conditions and Correction Pactors for the Tube Perfosmance Measvrements
Windor Trans<

mission Correc~ . Run Number
tion Factors to
100% Ixanomission 1 2 3 4 6
Mixture 0.1%H; 499 ,9%Ne 907%H, +10%Ne 90%Hg +10%Ne ~10078, 07X +10%Ne
Gas Pressure 0,105-1.15-11 0.0315 1.12=2,15 1,70 1,10-2,12
{Torx) “0.196~2.18 «2,95 =5,05-7.01
=9,50
Mean Water +
Vapor Atten- 3,98 :;;‘Z 3.79 :g‘l 307393-5,1 3,:78:321 4 %107
uation
Correction
Factor
Tube
A=5 3.17 £ 25% X X X X X
B=3 9.71 + 30% X X X
B=4 5,05 = 30% X
B=5 5,05 + 30% X X X
D=2 4,05 = 30% X b4
D=3 5,05 + 30% X




To allow meaningful comparison between the various tubes, it is necessary to
correct for the differences in window transmissifon and for water vapor absorption
of Lyman-> rad{ation between the UV source tube and the detector. The data for
each tube were corrected to 100 percent vindow transmission, and were also
corrected for water vapor absorption. These two correction factors are also shaun
in Table VIII. In later measurements, the path between the UV-tube and detector
was evacuated in order to avoid water vapor attemuatiom,

The error in the corrections allows the cumslative error in the data for
UV intensity and efficiency to range from about % 357 to about + 60Z. Hovever,

8 comparison of the data for various runs indicates that the errors are probably
less than is indicated. Comparisons between certain tubes which were measured
side~by=-side on the same day should exhibit little relative ervror.

The curves of voltage vs. current (V-I), and of the detector current, Ip,
versus DC power imput, Py, for Run 1 are shown in Figs. 25 and 26, respectively.
Prom these curves it follows that the output and efficiency of tube B=3 {8 nearly
the same, or up to a factor of 8 better, than tube A~5. This fact was also found
in subsequent measurements with other gas mixtures. From Figs., 25 and 26 it can
be seen that the major part of the lower efficiency of tube A5 can be accounted
for by the higher voltage drop.

Pigs. 27 and 28 show the V-1 characteristics and I = Py characteristics for
Run 2. It can be seen that output and efficiency of tube B-=3 increases with
increasing pressure. This effect can be explained by the fact that, as the pressure
is increased the discharge is more closely confined to the window. On the other
hand, the efficiency of tube D-2 decreases with increasing pressure. It will be

scen that this is characteristic of all tubes except B=3 and B4,
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The effect of gas mixture is shown by a comparicon of Run 2 with Run 1. In
going from the 0.1% By + 99.9% Fe mixture to the 90% Hy + 107 Ne mixture the
efficiency and UV output increases by nearly a factor of ten.

The observed large increase in efficiency with increasing pressura for tube
B=3, concurrent with the increasing confinement of the discharge to the window, led
to the construction of the confined planar discharge geometry, tube Be5. Run 3 was
made to compare the performance of tube B=5 -with tube A~5. The results are showa in
?igs. 29, 40, and 31. At Iow currente, and hemce low pover levels, the efficiency
acd UV light output of tube B=5 sre considerably higher than those of tube A-5,

The efficiences and UV output of the two tubes are comparable at the higher
curzents. Examination of the V<l characteristic (Fig. 29) for a pressure of 1.12
Torr shows that the deterioration of efficlency of B=5 at the higher power levels
oceurs because of a movement of the diachafge into the abnormel glow region.
However, the V-1 characteristic for the higher pressure (2.15 Torr) shows that the
discharge is in the subnormal to normal glow region. It would be expected that
the efficiency of B=5 at 2.15 Torr would remain high at eurrents higher than those
for which data were taken. Bowaver, the measurcments on B=5 at 2.15 Torr were
terminated because of deterloration of th: cathode and consequent change in the
discharge characteristics.

Having determined that the confined geometry of tube B=5 produced a grester
efficiency and higher output than tube A-5, Run 4 was made wvith an approximately
100 percent hydrogen mizture for tubes A-5, B3, Be5, and D=3 at pressures of 1.7
and 2.95 Torr. The results are given in Pigs. 32, 33, and 3%,

Consistent with the ecariifer results, B~3 had about the same efficiency and
UV cutput as A=5, Tube D=3 vas less efficient than A<5. (This is also horme out

in Run 6.) B=5 {s more efficient and has a higher UV output than A=5, by up to a
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factor of about ten, Pressure is seen to have practically no affect on the UV
output of A-5 and D=2. This i{s expected, since inm the positive column the number
of excitation collisions will be proportional to pressure, while the energy gained
between collisions will be approximately inversely proportional to pressure, so
that the UV output which, to terms of first order, should be proportionmal to the
product of these two quantities, is independent of pressure. On the other hand,
an increase in pressurc im A=5 and D=3 results in a decrease in efficiency. This
decrease can be directly correlated with the imcrease in voltage drop with
pressure observed in the V-1 characteristics,

The UV output and efficiency of tube B~5 changes rather markedly for a
factor of less than two {ncrease in pressure, vhile the V-I characteristic remains
relatively unchanged. As will be seen, this feature can be correlated with
changaes in discharge characteristic.

To investigate further the pressure dependence of UV output for tubes B=5,
A=5, and D=2, the data shown in Figs. 35, 36, 37 were obtained. The UV output of
A=3, and to a lesser exteat of D=2, is relatively independent of pressure, while
the UV output of B=5 18 quite dependent on prassure, The UV output of all tubes,
at a given pressure, varies approximately linmearly with lamp curreat, except vhere
the tube is operating in the subnormal or abnormal glow regions. The efficiencias
of these tubes have been plottad agsinst lamp current, 1;, in Fig. 37 for varimus
pressures. The efficiency of A=5 is relatively comstant with I;. The variation
of efficiency of D=2 with I; can be correlated vwith tha fact that at the higher
pressures it is operating in the subnormsl glow region, The efficiency of B=5 is
quite dependent upon pressure,

Thae following discussion will be concermed only with tube Be5., From the
plots of detector current, Ip, vs. lamp current, I3, it appears that the output

of B=5 at the lower curvents {s roughly proportiomal to pressure. It is difficult
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to fully Justify this statement simce the points are scattered. Visuzl examination
of the discharge suggested that this feature is somewhat correlated with the arca
of the luminous zones, particularly that of the cathode glow. An examination of
the efficiency, T, vs. I curves, shows that at low pressures the efficieney is
high at lower currents, and then falls off above some eritical current as the
current is increased. This is correlated with the movement of the discharge into
the abnormal glow region, Further, as pressure ig increased, the efficiency
becomes more pearly conaiant with changes in I3, but at a lover efficiency. This
is correlated, in turn, with the drop in UV output and increasing voltage drop
across the tube with increasing pressure. The drop of efficiency with increasing
Iy, at the lower pressures might be eliminated by increasing the cathode surtace
area to shift the abnormal glowr region to current levels above those at vhich the
lamp is operated.

Tube B=7 was constructed to have an electrode spacing twice that of B=5,
The electzodes were positioned to allow, by reversal of polarity, either the
positive column or the negative glow region to be in front of the window. Prelim=
inary measurements showed that the negative glow region had an ocutput approximateiy
ten times that of the positive colum.

3,2.2-1.6.4 Gags Mixture Effacts
As already seen, performance measurements

were made with three gas mixtures. These were 0.1Z B, + 99.9% He, 902 By + 107 Ne,
ard 100Z Hy. A study of Pigs. 26, 28, and 33 shows that the outputs at a given
power level, and hemce the afficiencies, for the three mixtures are in the rstio
1:6:3,5 for pressures ia the 1 = 2 Torx range. Thic result suggests that there
exists an optimum mixture,

The variation in output with mixture f8 & resuit of two competing procesgses.

¥irst, the pormal cathode fa2ll for neor i{e lesa than for hydrogen. This implies
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that increasing neon concentration should give increasing efficiency. This effect
can be seen to some extent in Pigs, 25, 27, and 32. On the other hand, the more
neon the less hydrogen present and the smaller the probability of an electronm-
hydrogen collisiom, so that the light output for fixed curremt should ultimately
decrease with increasing neon concentration., That this does occur can be
extracted from Pigs. 25 to 28, 32, and 33, In ptacticé the detailed behavior is
complicated by the aisteﬁce of the Penning cffect for neon~hydrogen mixtures,
and possibly strong cffects of gas impurities.

To compare krypton vs. hydrogen as the active filling gas, tests were made
with several tube types. When krypton is used, getters may be used to insure
purity of the krypton.; Getters cannot be used in hydrogen~filled tubes, since any
kaown getter absorbs hydrogen as vell as the impurities. Before krypton could be
used, however, it was necessary to determine vhather the output from a krypton~
filled tube would be at least as great as that from a hydrogen-filled tube.

Comparisons were made betwcen the outputs of tubes filled with several
pressures of a 90/10 mixture of hydrogen and neon, and with several pressures of
krypton. The comparisons batween the tubes were mada with an evacuated (< 0.2 Torr)
adaptor between the UV-tube and an NO 1on;chamber detector. This adaptor imsured
that the maasurements were all taken with the same source-to=detector distance,
and that the measurements would not require a correction for water vapor in the
measuring path. The results of these tests are shown in Pigs. 38, 39, and 40
where the detector current, Ip, (a messure of the UV output) has been plotted
against source tube current, Il.’ for three different tube types. These plots show
that:

1) The type=A tube had about the same output when filled with

eithex krypton or a 90/10 mixture of hydrogen and neon.
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2) The type-B tube had 2 slightly greater output vwhen filled
vith krypton than when £illed vith a 90/10 mixture of hydrogen and neon, except
for the pressure of 5.05 Torr. The cathode of this tube vas deteriorating during
the test, so the data are questionable.

3) The type-D tube had greater output vhen filled with krypton than
when filled with a 90/10 mixture of hydrogen and neonm.

The data shown in Pigs. 38, 39 and 40 indicate that krypton is at least as
good as hydrogen for filling the UV~tubes., For the type-D tube, krypton gives
appreciably greater cutput.

Another tube characteristic of interest i{s the tube efficiency, here defimed
as the ratfio of the UV output to the DC power imput to the tube. The efficiency
(1), has been plotted against tube current (Iy) for the three tube types, in
Pige. 41, 42, and 43. There is a defimite trend for the krypton f£illing tec give
significantly greater efficiencies, This trend is more marked for the type<D tube
and less marked for the type<A tube, As mentioned earlier, the data for the type<B
tube are questionable.

3.2,2.1.6.5 Conclusions
The results reported above leasd to the

following conclusions:

1) The scaled-up standard geometry cam give useful outputs.

2) Tube output varles linmearly with current in the normal glow regiorn.

3) A planar discharge tube can be made vhich is at least ten times
as efficient, and vhich gives considerably more UV cutput, than the standard tube.
This type of tube should have efficiencies of 107° to 10°' percent and photon fluxes
of 10" to 10*® photons=ca ®=sec"!. 1In the dasign of this tube, particular attentior
must be paid to cathode material and cathode surface area. This tuba should be

operated with the negative glow over the window.
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4) The scaling of large (2~inch dismeter) windows to the discharge
tube body is a problem which needs consideration, but vhich should not hold up the
development of a large vacuum phema,' 8ince suggested techniques appear to be
feasible.

5) The effect of gas mixture on cfficiency is comsiderabla. The
experimental efficiency ratios for 0.1% K + 99.9% Ne, 907 K5 + 10% Ne, and
100% R, are 1:6:3.5.

6) Krypton is at least as good, and probably better, than a 90/10
mixture of hydrogen and neon for £illing the UV tubes. 1In particular, krypton
appears to increase the output of the type=D tube more than the other types. This
is important (even if unexplained), since this tube type was selected to deveiop
the large-volume plasma in the chamber.

3-20202 v VO iane

3.2.2.2.1 Qdisetives
The objectives of this part of the experimental

investigation were to generata a plasma of approximately the desired characteristics

by photoionization of nitric oxide, to measure the properties of this plasma, and
to correlate the experimental results with the theory. If this could be achieved,
then the feasibility of the method would be demonstrated.

3.2.2.2.2

The experimental approach was to mount a UV-tube
(Tube D=2 or D~3 described in Scc. 3.2.2.1.4) in a bell jar filled with NO and to
measure the characteristics of the resulting plasma vith a floating double~probe
system.
Two different double-probe arrangements verc used. The experimentsl setups
within the bell jar for these two probe arrangements are shown in Pigs. 44 and 45

The UV-tube was mounted vertically vith ite beam directed dowmward. Aluminum
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FIG. 44 PLASMA EXPERIMENTAL SETUP ONE
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foil shielding was installed to reduce stray signal pickup by the probes. The
probes were mounted directly below the UV-tube and ceatered in the UV beam.

The bell jar wes pumped to 10™® Torr and then backfilled to the measuring pressure
with NO. The NO pressure was measured with a tilting type Meleod guage, trapped
by a dry-ice methanol mixture.. A diagram of the system used to measure the probe
currents is shown in Pig. 46.

The first set of measurements used the floating double probe arrangement shown
in Pig. 44. The probes were spaced 0.5 em apart. Each probe had a radius of 0.065
em and was 10 cm. long. The Paraday shield around the probes was 5 em in diamcter
and was installed to further reduce stray signal pickup by the probes. With the
system pumped to 8 high vacuum with the UV-tube off, or with the UV beam blocked
by a sheet of metal, the probe current was less than 5 X 1071° amp, the limiting
sensitivity of the measuring system. This check was performed not only to check
the level of stray signal pickap, but to rule out the pdasibiuty that appreciable
probe currents could dbe caused by ph:;toelectric or paotoconduction processes.

Data obtained with this probe arrangsment for p = 1 v’rort are shown in Pig. 47.
When these data are processed by a straightforward application of the orbital limited,
theory of double probes givan in Appendix A, the plaema characteristics shown in
Table IX were obtained.

Table IX

Probe Results for Plasma Experimental Setup No. 1

(g = 1 Torr)
Ion density, n, 3x10° ew™®
Electron Temperature, T. 27000° K
Sheath Radius 9.3 enm

The datas in Table IX cannot be a true measure of the plasme characteristics
for the following reasons. From basic energeties of photoionization in ®), the

electron temperature cannot exceed 0.95 ev, i.e. 11000° K. Prom measurements
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of the UV output of the tubz and basic physics, the ion dJdensity should be betuween
107 and 5 * 10® em™ {f the plasma is at room temperature. Finally, the theory
of the déuble probe given in Appendix A assumes no overlapping of the sheaths,
vhile the data indicate a sheath radius of 9.3 cm for a probe separation of
0.5 em. |

It wéé surmised that these difficulties were caused by the probe system
collecting too large a percentage of the available electroms and ions. Rough

estimates, based upon a measured UV flux at the tube window of about 10*2

3 z

photons-em™“-gee™, indicated that the probes were collecting ehout 207 eof the
available electrons and 20% of the available ions. Johnson and Malter [16] suggest
that 1% is about the maximum that should be collected.

These considerations led to the construction of the double-probe arrangement
shown in Fig. 45. This arrangement has five probes, so that measurements can he
made at different probe spacings without openiug the beil jar. Each probe was
0.0127 cm in radius. Initial measurements were made with an active length of
1 em. Later measurements were made with an active length of 0.5 cm. Because
each probe is at a different distance from the UV-tube, the UV level will be
different at each probe, in general. Additionally, the asbsolute flux level at
each probe will be a function of pressure. The flux level at a given distance
from the UV-tube should increase with decrezsing pressure, due to decreased
absorption at the lower pressures. Assuming an inverse square law for intensity
with distance, and an exponentizl dependence upon pressure, the relative fiux

levels at the two probe pairs used in the experiment is givenm in Table X for

three different preasures.

75




Table X

Relative UV Intensities at the Probes for Plasma Experimental Setup No. 2

P Probe 4 relative to Probe 1 Probe 3 relative to Probe 2
Torr 4.2 em quciqg> 0.6 cm spacing
1.0 .206 .788
0.4 .2“ .813
0.1 .284 .826

Ueing the second probe arrangement, the plasma characteristics were measured
at four pressures (1.0, 0.98, 0.4, and 0.1 Torr), with two probe separations
(4.2 and 0.6 em), and for two active lengths of probes (1.0 and 0.5 cm). The
I-V curves obtained under four of these conditions are shown in Fig. 40

By an application of the theory for double probe measurements given in

Appendix A, the plasma characteristics given in Table XI were obtained.

Table XI

Same Probe Results for Plasma Experimental Setup No. 2

Probe Probe Pressure Jon Electron Sheath
Run Separation Length Density at  Temp. Radius
upper probe
(cn) (em) (Torr) (™) Cx) ()
1 4,2 1.0 0.98 9.8 X 107 5790 0.72
2 0.6 1.0 0.98 2.7 x 10" 2520 1.89
3 4.2 0.5 0.0 9.6 X 10° 6160 6.07
4 0.6 0.5 0.40 1.2 x 107 56420 5.38

Using the same reasoning as was used to estimate the percentage of ions and
electrons collected by the first probe arrangemeat, it is estimated that the
second probe arrangement collected approximately 17, of the fons and electrons.

The data of Table XI indicate a spread of about 2.5:1 in the measured values
of electron temperature and about a 10:1 spread in the measured values of ion
density. Il'owever, aside from Run 2, the spread in electron temperatures reduces
to about 1.15:1. Reasons for the deviation of the Run 1 density result from the

resulte for the other three runs is not clear.
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At least part of the reason for the spread of values of electron temperatures
and ion densities is a result of judgment in the selection of slopes on the
various curves. Overall, however, it ig felt that the values in Table XI are ali
reasonable and fall rather close to expected values. These data indicate that
a low-temperature plasma hss indeed been created by photoionization of ND.

Work on this problem has emphasized the need for refined techniques for the
measurement of the characteristics of lowevolume plasmae. These refined tschniques
include refined thecry for the interpretzstion of prcbe measurements. The tlieory
of double probes for various conditions is discussed in Appendix A.

3.2.3 Summary and Conclusions of Feasibility Study Program

Photoionization of N0 by UV radiation from a hydrogen or krypton
discharge tube has been shown to be feasible. The plasma density and temperature
lie within the range expected from theoretical considerations. Comsequently,
the development of a large-volume, low-temperature plasma to simulate the D-region
of the ionosphere, using the photoionizsation of nitric oxide, appears to be
feasible.

The theoretical study shows that D-region simulation by this approach re-
quires UV-tubes with photon fluxes of 10** to 10® photons-cm ?=gec™. Prom
practical considerations, these tubes should have efficfencies (ratio of photon
flux to d=c power input) in the range 0.0l to 0.1%. Since the electron mean free
path should be amall compared to the dimensions of the chaember in which the plasms
is to be generated, a large chamber is required {f plasmas are to be generated at
pressures corresponding to the D-region. Using the present chamber, D-region
simulation at altitudes of 80 km (p ~ 10°? Torr) is potentially possible.

The experimental work on UV-tube has shown that tubes having the requiesite
putput and efficiency can be constructed, Consequently, it was decided that this

technique would be applied to develop 2 large=volume plasma in the chamber.

78




Accordingly, a program was drawm up for the development and fabrication of the
necessary UV-tubes to produce such a2 plasma. This program is deseribed in the
following section.

3.3 Program to Develop a large-Volume low-Temperature Plasma

3.3.1 Scope and Plans

The goal of this program is to produce a large~volume loww
temperature plasma in the chamber by UV photoionization of ND. To produce a
plasma of large cross sectfon, zn extended source of large area is required.
This is most readily accomplished by arranging a number of tubes packed fairly
closely in a bank. Following the successful demonstration that UV-tubes of the
requisite output and efficieney could be built, it remained to choose a design
which could be arranged in a geometrical configuration so as to produce a plasma
of sufficient density and uniformity to satisfy the requirements. 1t was then
necessary to fabricate a sufficient quantity of these tubes and to demonstrate
that adequate output could be achieved and maintained for a reasonable life span.
The UV-tubes would then be mounted on the chamber to produce the desired large-
volume low-temparature plasma by photoionization of NO in the chamber. Pollowing
the successful production of such a plasma, detailed measurements are to be made
of its characteristics. A schedule for the program was devised to accomplish
this goal within a time of 8 monthe. In order to prevent bottlenmecks, alternntive
approaches were devised as “backups' should any eritical item in the development
fail to be solved in the specified time.

Among the various UV-tube configurations whish were developed, the type=D
and type~B were considered to be the most promising to use. The type~)D tube is
¢ylindrical in shape, being a scaled-usp wersion of the commercially avsilable
GBL=tuba. The type-B tube has a parallelsplata geometry. It gave grester output

acd efficiency than the typa~D. However, considerable additicnal development wes
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nesded to improve scaling techkniques and to increase 1ffa before this tube could
be considered reliable emough to produce in the quantity required. FPurthermore,
this geometry did not lend itself to close assembly of a large bank of tubes,
Counsequently, after careful consideration, a modified type-D geometry was chosen
to be the one which could be adapted to the planned program with the least amount
of further development. This geometry is easily adaptable to assembly in a bank
to produce a large area source, and thus allow the generation of a large volume
Plasme. Tubes of this design will be cesignated as ModeD.

3.3.2 Mod=D 7Tube Design and Pabrication Program

3.3.2.1 Introduction

In order to generate a fairly large volume plasma of
uniform density with the typeeD tubes, it is necessary to arrange a number of
tubes in a bank. Howgver, the body of the type-D tube is too large, and the
window too smsll, for use in a bank. With the large body=to-window diameter
ratio, the "active area'" is small compared to the overall diameter of any group
of tubes. Accordingly, in the Mod=D tube the body diameter was reduced, the
window diameter was increased, and the lead locations were modified.

On the basis of the compsrisons between krypton and hydrogen discussed 1o
See. 3.2.2.1.6.4, it was decided to use krypton as the filling gas.

The first part of the program was devoted to a series of special tests to
obtain information on which to base decisions regarding tmube design and asseumbly.
These tests include sealing techniques, life tests and beam angle of the UV
radiation. On the basis of these tests, final decizions were made regarding
tube design, construction and processing, and the configuration of tubes {n the

composite tube bank.
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3.3.2.2 Window Sealing Tests

The sealing of the lithiwm fluoride window to the body
of the UV-tube is & troublesome process. Ideslly, to outgas the source tube
it should be baked at, say, about 450°C. However, due to the differemce in
coefficients of expansion of the glass body of the tube and the lithium fluoride
window, this baking cannot be done with the window sealed to the body in the
normal manner. Normally this seal is made with an epoxy cement or silver
chloride (AgC2). When tubes use this sesling technique and have windows larger
than about 0.375-inch diameter, the seal or the tube body will crack when tiey
are baked at elevated temperatures. The best that has been done 1is to seal a
0.375=inch dismeter window to the body with AgCL when the bake is carried to
about 450°C.

Indium appeared to be a possible secaling agent, in view of its coefficient
of expansion and low melting poiut. If a scal could be made with indium, then
it should be pbsoible to beke the tubes at elevated temperatures. Accordingly,
tests of the indium sesling techniqﬁe were performed.

The edges of & lithium fluoride window were silvered (since indfum would not
adhere directly to the lithium flvoride), the face of a copper tube was silvered.
and an sttempt was made to seal the two together using indium. The test setup
used is shown in Fig. 49. The indium was flowed onto the sealing surfaces by
heating the test setup in an oven floeded with dry nitrogen. Twe difficulties
were encountered. The indium (99.9997 pure) did not wet the sealing surfaces
well, and 4t tended to flow under the window even when a vaewm (< 3 Torr) was
pulled on the test setup in an attempt to seat the window tightly against the
copper tube. Silver plating the copper seat did not improve the wetting. OCrinding
the edge surface of the window and the edga of the tube body did not help this
situation, although it did allow a better vacuum (0.2 Torr) to be pulled on the

test setup.
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Since the indium sealing techmique did not work successfully within the
time limit set for this work, it was dropped. Accordingly, it wes decided that
seals for the large bank of tubes would be made using black wax (Apiezon W).
This decision was made in order to maintain the performsnce schedule.

3.3.2.3 Beam Angle Measurements

When it was decided that a large bank of UV-tubes would
be used to generate the large>volume plasma in the chamber, one of the first
questions that needed to be resolved was the number of tubes which would bde
required.

In the first layout of the UV-tubes, they were pleced as closely together
as wvas physically possible to completely £fill one of the 8-inch diemeter ports
in the chamber. This arrangsment required 31 source tubes. Yor this number,
calculations indicated that the UV flux would be more than needed for fonospheric
simulation. This indicated that an arrsngement using fewer tubes wou.d be satis-
factory from & total flux cousideration. Howevar, if a uniform plasma is to be
developed, the distance betwsen tubes that can be tolerated depends upon the
beam angle of the UV light emerging from the tube.

Consequently, measurements were made to determine the beam angle of the UV
radiation emerging from one of the tubss. This was acecomplished by moving a UV
detector with & l-mm diameter window laterally across the face of tube D=2. The
detoctor was at a distance of 5 cm from the face, and the {atervening path was
evacuated to a pressure of S . The beam pé:tem obtsined is shown in Fig. 50.
This indicates a half-power beamwidth of 38°.

Using this beamwidth, defining a "uniform" plasma as one in which the deansity
variations do not exceed 2-to=1 at a distance of 5 em from the UV sourca, and
a2llowing for some dispersion of the beams, a modified arrangement of the UV-tube

was devised. This ig shown in Pig. 51. This arrangement uses only 13 tubes,
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instead of the 31 tubes in the first layout. Since the ionization density was
caleulated to be adequate, this arrangement was adopted.

3.3.2.4 Lerge Detectors

A commercial NO ion chamber detector (developed at NRL
and manufactured by GBL) has an effective window diameter of 0.375 i!r:ch. The
Mod=D tube, selected to develop the large-velume plasma, has an effective window
diameter of 0.625 inch. Detectors having an effective window diameter at least
a8 large were required to test these tubes.

Accordingly, thres detectors having effective window diameters of 0.875
inch were constructed. A crossesectional sketch and s photograph of one of
these detectors are shown in Fig. 52. The body is larger than that of the GBL
detactor (11.86-em effective length, 1.5-inch inside dlameter) to prevent the
saturation which was noted in previous tests on the standard detector. Ome of
the large detéetora (designated as L=-1) had an unplated copper body, while the
other two (designated as L-2 and 1~3) were gold plated in an atiempt to reduce
the photoelectric current. The NO gas used for filling the tubes was purified
by a distillation process described by Stober [17].

The I~V characteristic of detector L-2 was measured vhen it was evacuated
(p = 4.5 X 107® Torr) and vhen it was filled with NO pressures of 0.9, 2.0, and
9.8 Torr. These measurements were made when the detector was irradiated with
two different Uv levels obtained by operating & type~A UV-tube at currents of
100 ya and 200 pa. The results of these tests are showan in Pig. 52. FPig. 55
shows that the plateau for this detector occurs between 10 and 25 wlts and that
the platean voltage increases slowly with inereasing pressure.

The I;V characteristic of the unplated detector (L-1) was mezsured when it
was evacuated. No significant difference in photoelectric current was noted
between the plated and unplated detectors. This was contrary to expectation,

and possibly may have been due to poor gold plating.
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FIG. 52 LARGE DETECTOR CROSS SECTIONAL VIEW AND PICTURE
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Pig. 54 1s & plot of the ratio of the detector current, Ip(200), when irradiated
by the type-A tube operating at 200 pa to the detector current, In(100), with the
type-A tube operating at 100 ua, as a function of detector woltage, Vp, ir the
platean regions for NO pressures of 0.92, 2.00, and 9.80 Torr. Within experimental
error, pressure does not effact this ratio, which, at a given pressure, appears to
be constant over the plateas. Thase data were obtained to determine the detector
effieiency. From theory, at an N0 filling pressure of p = 9.8 Torr, 99.99% of the
photons that enter the detector are absorbed by the N0. The ratio of the photo-
fonization to total absorption cross section at Lyman-o (0.84), multiplied by the
windov transmission (about 507% at Lyman-a), then defines the sbsolute efficiency,
Tke, ©f the detector for Lyman-cr at p = 9.8 Torr. For the detector tested,

Tw = ~ 0.42 when filled with NO tc a pressure of 9.8 Terr.

If this value of Tk is mmltiplied by the ratio §f detector currents for the
standard commercial datector used in the work described in [18] and the new large
detector under the same conditions of Lyman- irradiation, the efficiency of the
standard detector may be estimated. Proceeding in this manner, the efficiency of
the GBL detector is about 10%%,

As a further check upon the efficiency of the large detectors, the ratios of
the average detsctor plateau currents for several pressures were determined for two
values of UV radiation on the detector. These ratios were then compared with
theoretical ratios of the flux absorbed in the detector to the incident photon
flux, assuming a total absorption cross section at Lyman-a of 2.4 X 10722 cm® [19].
The theoretical and experimental ratios agree within about 15%7.

The large detectors were actually filled to a pressure of 2.0 Torr. Using

the ratios just discussed, the efficiencies of the three large detectors were

*

The 107 efficiency of the GBL detector indicates that the photon flux levels
given in (18] are low by a factor of tem.
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determined, and are given in Table XII.

Table XII

Large Detector Efficiencies At Lyman=o

Detector Bfficiency (R)
i»1l 23
L=2 29
L=3 24

Takiag into account the relative absorption cross scctions of NO at 1215. 63
and 1235&%, the efficiency of the detector at the krypton line should be about
0.9 of the efficlency at Lyman-o

3.3.2.5 ¥od=D Desigg
3.3.2.5.1 Coustruction

'ﬁ:e final Mod-D design is shown i{n Fig. 55. The window has an effactive
dismeter of 0.625 in., and a metal nosepicce anode; tha cathode is brought out
the rear of the tube in order to allow assembly in a bank. In addition, a geter
has been added to keep impurities to a minimum.

Three Mod-=D tubes were fabricated for test purposes. The first of these,

Mod=D=1, did not have a getter, the spacing between the end of the capiliary tube

and the window was 1.7 em, and the cathede area was 2.92 cm®. The next two tubes,
Mod=D=2 and Mod-D-3, were providad with getters, and cathode areas of 14.6 ex°.
The spacing between the end of the capillary tube and the window in ModeD-2 was
lcm, and 1.7 em in Mod=D=3. The different spacings for these tubes allowed an
investigation of the effeet of this spacing on tube output.

3.3.2.5.2 LiP ¥indow Transmission

The transnissiona of the LiF windows used on the
Prototype Mod=D UV-tubes (and also on the detectors discussed in See. 3.3.2.4)

were determined by measuring the intensity of a standard CBL tube with and without
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each of the windows in a vacuum transmission path. The measured values of
transmission ranged from about 39 to 487%.

For some of these windows, the» transmission was also measured using the
same experimental setup but with a GBl-type tube filled with krypton as the UV
source. The results of these tests show that, within the experimentsl error,
the effective transmissions are the same for the hydrogen and krypton lamps.

3.3.,2.5.3 Gas Pilling Performance Tests

The outputs of tubes Mod=D-1l, Mod=D-2, and
Mod=D=3 were measured as a function of discharge current for krypton pressures
of 0.51, 0.81, 1.05, 2.10, and 5.05 Torr. The results of these tests are shown
in Figs. 56, 57, and 58. These figures show that s pressure of 2 Torr gives
the best output over the range of discharge currents, and was thus selected for
the filling pressure. The crossovers of the 1.15, 2.18, and 5.05 Torr curves
in Pigs. 57 end 58 are attributed to self absorption effects, which increase
wvith inereasing pressure.

The V=1 characteristics of the sams three tubes were also measured for the
same krypton pressures, and the results for Mod-D-1 are shoum in Pig. 59. The
quantity 3/p® = G = constant for the nommal glow reglon, where j {s the cathode
current density and p is the pressure. Thus, IL/pa = Cg = constant at the
transition point between normal and abnormal glow. The transition points and
values of Cy3 in Table XII were obtained from Pig. 59. The vciuu of C, are seen
to fall quite close together.
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Table XIIX

Transition
Pressure Current LY

Torx pa ma/Torr”
0.5 0.1  0.386
0.81 0.3 0.459
1.05 o 0.454
2.10 2 0.454
4.95 10 0.426

Average = 0.436

The UV-tube should operate at its maximum power dissipation at the treansition

point for several reasons: spnttering increases rapidly in the abnormal glow region

end shortens tube life; efficiency is less in the abnormal glow region; the wideat
range of tube operation is obtained; and, at the transition point, the VeI
characteristic has a positive slope and thus the tube is a positive resistance so
that the operating point will be stable. A reasonable maximum power dissipation
for the modified tmbe f{s 10 watts (at this point the tube envelope becomes warme
to=hot to the touch). Fig. 59 shows that the tube voltage is approximately 500
volts at the transition point for p = 2 Torr. Thus, a tube current of 20 ma is
required for the l0-watt maximum power dissipation. Fig. 59 also shows that
tube Mod-D=-1 operates at about 1 ma at the normal~sbnormal transition point.
The cathode area should therefore be increased by about ten to provide the
necessary tube current.

On the basie of the above tests, the cathode area for the Mod<D tubes to be
developed for use on the chamber was chosen to be cm'; this should result in

operation at design power input of 10 watts.
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3.3.2.5.4 Performance of Mod~D and D=Tube Ceometries and
Effect of Capillary Window Spaeing

Tests run with tubes Mod=D~l and tube D=3 {ndicated

that they were comparable in output/unit window area. More extensive tests were
run with tubes Mod-D=2, ModeD=3, and D=3 to compare their performance at a number
of pressures between 0.5 and 5.05 Torr. The results of these tests are shown in
Figs. 60 through 63. (The curves marked with S-2 had a stop introduced in fronmt
of the window £o reduce the effective window area to that of tube D=3 to allow a
direct comperison of effective UV output/unit window area.) It is seen from
these figures that Mod=D=2 has greater output than Mod=D-3. It thus appears that
the shorter capillary tube-to-window spacing in Mod-D-2 increases tube output.
it i3 also seen that the output/wmit window area of tube Mod=De=2 is the same as
tube D=3 within experimental error. Thus scaling has not decreased the output/
wnit vindow area.
3.3,2.5.5 Beam Angle Measurements
The beam angle tests on tube D=2 have been dis-

cussed in Sec. 3.3.3. In sddition, similar beam angle measurements were made
on tube Mod-D-l. These measurements were carried out in a vacumm for two
different UVetube discharge currents (1 ma and S ma), and were repeated
several times. There were no appraeciable differences between the data obtained
on the 1 ma and the 5 me runs, nor were there appreciable diffsrences on the
repeat runs,

The results for Mod-D-1 are shown in Fig. 64. The halfopower beamridth,
about 57 degrees, is larger than for tube D-2. The apparent increase in beamsidth
sesms consistent with the larger window diameter of Mod-D=1.
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3.3.2,6 Mod=D Tube Fabrication Program .

As a result of the satisfactory performance ¢haracteristics
obtained from the prototype Mod-D tubes, the fabriecation of 25 additional tubes
was undertaken. 25 Mod-D tube envelopes were assembled by the glasgblower. These
were then processed in accordance with stringent specifications and quality control
procedures to insure mifomit;} and long life. The processing was done on & .
bakeable gas-handling system speeially designed ax’zdéonscructed for the purpose.
Tests were then made of UV ocutput, output versus time, and spectral demsity.

3.3.2.6.1 Bakeable Cas-Handling System

The ges<handling system i3 shown in block diagram
form in Pig. 65. It has two sections separated by a vertical divider partition.
A heater power of about 12 kw i{s required to heat the main over to 430° C im 3
hours, and about 4 lw average power is required to hold this temperature. The
oven for the molecular sieve trap, uhich is separate, requires 1.2 kw to heat
to 450° C {n 3 hours, and 400 watts to hold thi; temperature. The oven walis
are 3-inch thick Marinite=36. The whole system, including'the cozit:olt, ig
mounted on & 4 X 7 ft. table. The valves, varisble leak, eapacitance manometer
head, and traps afe mounted on the vertical dfvider in the middle of the table.
Photographs of the assembled system with and without the bakeout ovens in place
are ghown in Fig. 66. With this system, the tubes can be baked at 225° C and the
rest of the system at 450° C. A vacuum of less than 5 X 10~ Torr can be maintained
on :& system prior to gas filling. The eﬁee'f.ai sieve trap indicated in Fig. 65
uses unsintered Vycor [20] as the active material.

3.3.2.6.2 Tube Processing

The 25 Mod-D tubes were processed in three batehes.

Thera wérel3 tubas in the first batch, 10 tubes in the second batch, and two tubes

in the third batch. Batches nos. 1 and 2 were filled with krypton and batch no. 3
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(without getters) with hydrogen. The hydrogen £filling for batch no. 3 was
chosen to obtain a comparison of the performanee and life of hydrogen versus
krypton-filled tubes. A photogreph of one of the Mod=D tubes {s shown in
Pig. 67.

3.3.2.6.3 Performance Tests

The performance of each tube was measured immediztely

after fabricatiorn and again after each tube had been operated for 2 hours. The
mean UV cutput of the 13 tubes in batch 1 and f{ts standard deviation are plotted
against the tube currents, before and aftar the 2-hour run, in Pigs. 68 and 69.
For currents above 1 ma, the standard devigstion is less than 157%. These data
have not been adjusted for the variations in window transmissfon loss, which
could explain the observed spread in performance. A comparison of Figs 68 and
69 shows that the mean tube output decressed by about 5% during the 2-hour rum.

The IV characteristics of the 13 tubes in batch 1 were measured immediately
s2tzs7 prossssizg an2 after 2 hoursr of opérat:ion. The mean characteristic and its
standard deviation are shown fn Figs. 70 and 71. The most noticeable feature
of the I-V characteristic is the decrease in the spread of the data after the
2 hours of operation. There was also a slight decrease (less than 107) in tube
voitage and some change in the I-V charactéﬂstica at high currents after 2 hours
of operation. The thirteen tubes from batch no. 1 were ingtalled on the chamber
and have operated successfully for over 110 hours.

Similar data were obtained for batches mo. 2 and 3. Qualitatively, the
results were the same. Quantitatively, batch no. 2 showed a wider spread in UV
output befora the 2 hours of operation thm' bateh no. 1. The output of the
hydrogen-filled tubes in batch no 3 dropped more (by & factor of about 2) after

the 2 hours of operation than the krypton=filled tubes.
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FIG, 67 MOD-D TUBE
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3.3.2.6.4 life Tests

After the various performance tests, tubes
ModeD=1, Mod-D-2, and Mod-D=3 were sealed off at a prassure of 2 Torr and li{fe
tests were started. The life tests consisted of operating the tubes continuously
for 2 hours each day except on those days where other demands on the available
power supplies and persounel made this impossible. The performance, in terms
of UV output and tube voltage drop versus discharge current, was measured
immediately before and after the 2 houre of operation. Tube Mod=D=2 fafiled
immediately after seal-off due to & faulty spot weld of the cathode to the
cathode lead. Tube Mod=D-1 was fabricatad about a month before tubes Mod=D-2
and Mod=D-3 and therefore had about one more month of 1life test data.

The results for tube Mod=D-1 for the first 48 days are shown in Figs. 72
and 73. The erratic rasults in Pebruary, and particularly the large drop in
output during the period betwesen days 12 to 24 was traced to an oil film that
built up on the LiF windows due to {nadequate trapping of the mechanical pump
used to evacuats the space between the tube and the detector. (This will he
discussed in Sec. 3.3.3.6.1) After day 24, both lamp and detector windows were
cleaned with methanol just before the cutput measurements were made. The total
accumlated time on tube Mod-D-1 was 68 homrs of operation i{n 48 elapsed days.
The output during this time dropped by about 40%. The reason for erratic
behavior of the tube voltage drop during the early part of the test may have
boeﬁ dua to gas impurities which were abszorbed by the gstter during the early
period of operation.

The results for tube ModeD=3 are shown in Pigs. 74 and 75. A total of 36
hours of operation in 25 elapsed days were accumulated on this tube. During
this period the output did not drop signifieantly. The averasge tube wltage

dropped with time. This, and ths erratic behavior of tube voltage, may be
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caused by cleanup of minute levels of contamination.

On the basis of these results, it was decided to use sealed off tubes in
the bank, thus avoiding the complexity of laaving them connected to a common
man{ fold.

3.3,2.6.5 Spectrums

Spectrums of the outputs of a krypton tube and of
& hydrogen tube were obtained* using a McPherson Model 220-f10 le-meter vacuum UV
diffraction grating monochromator. The approxinate vavelength range of 5500 it
below 1050 X was covered. A 600~1ines/mn, MgP-coated grating blazed at 1500 A
was used. The intensity of the second-order spectrum of the 1050 A to 1700 A
region was less than 2% of the intensity of the firsteorder spectrum. The
detector was a sodium-salicylate-coated EMI 6255 photomuitiplier,

The vacwum UV spectrum (1050 A to 1375 R) of a krypton-filled tube operating
at 10 ma current is shown in Pig. 76. Spectrums taken at 25 ma tube current show
the same general features, but with some chenges in relative line intensities.

The corresponding spectrum of the hydrogen-filled tube is showm in Pig. 77.
This spectrum has many lines besides the dominant Lymanea line. These are part

* of the molecular spectrum of hydrogen. However, the relative intensities of

these lines are considerebly different from other UV sources, and msny molecular
lines are either missing or too weak to be detected.

The noteworthy feature of the spectrum of the krypton-filled tube is the
lack of lines other than the krypton resonance lines at 1235 A and 1165 A. This

is in contrast to the spectrum of the hydrogen-filled tube.

%

These spectrums were obtained through the generous cooperation of A. Stober and
D. V. Wright, Jr., of the Astrophysics Branch, Space Sciences Division of
NASA-GSFC.
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3.3.2.7 Conclusions

The Mod-D tube design and fabrication program has re-
sulted in highly reliable UV~tubes which adequately meet the requiremente for
producing a large-volume plasma by photoionization of ND. The ModeD is a sealed
tube vhich produces a UV flux level of up to 10*® photons-sec™ . The tube
geometry lends itgelf to close packing in a bank of tubes to incresse the area
of the UV beam. Prom beamwidth measurements, it was determined that a bank of
13 tubes would produce 2 beam of acequate uniformity across an 8=-inch diameter
port of the chamber. The tubes have been proved to be of exceptional stability
and reliability, and have been operated successfully for over 110 hours with
no significant drop in UV output. Furthermore, the UV spectrum of the tube is
exceptionally clean, only the 1235 X and 1165 X rescnence lines being present,
the former being predominant in the ratio 6:1.

3.3.3 large-Volume Plasma Production

3.3.3.1 oOblactives
The Mod-D tube fsbrication program described in Sec.
3.3.2.6 led to the production of UV-tubes which produced sufficient dutput over
a large encugh area so that & bank of these tubes could be utilized for plasma
production in the chamber. The last phase of the program, therefore, was to
mount a benk of these tubes on the chamber, to produce a plasma therein by
photoionization 6f NO, and to probe its characterisgtics.

In order io do this, several ancillary iftems of equipment and instrumentatisn
wvere required. These i{ncluded & tube hank mount to allow the composite UVesource
to be attached as a unit to the chamber, a power supply for emergizing and con-
trolling each of the UV-tubes in the bank, and 2 gas-handling system for admitting
purified W0 into the chamber at the desired aperating pressure and discharging the

toxic NO harmlessly to the nnnosphere outside the building. Im addition, in order

1




to provide for mass analysis of the gaes within the chamber during the measure-~
ments, 8 differentizl pumping system was developed toward the end of the program
for the mass spectrometer attached to the chamber. These ancillary ftems will
be deseribed first, after which the various probe measurements that were made

on the plasma will be discussed. The analysis and interpretation of the messure-
ments will then be presented. This will be followed by a discussion of the mass
analyses that were made during the last stages of the probe measurement progranm.

3.3.3.2 Tube Bank lount

The chamber has an 8-inch diameter port on each end. The
beam angle tests described in Sec. 3.3.2.3 led to an arrangement of 13 UVetubes

as shown in Pig. 51. Tc limit dowr time in case of tube failure, and to provide

f adjustment of UV beam irtensity, the tubes were mounted with an

-
< kR

(-]

evacuated spdee between them and the chamber. To do this, an 8-inch port cover
vas drilled for thirteen l-inch dismeter LiF windows. Then a 0.250-inch thick
spacer ring was sealed to the port cover with O-rings and te tha niste an whish
the UVetubes ware mounted. The UV tubes were sealed to their plate with O-rings.
A photograph of the tube bank in place on the chamber is shown in Fig. 78.

The aspace between the tube windows and the leinch windows on the port cover
can be pumped, or back-filled with an absorbing gas to control UV intensity.
Filling this space with NO at a pressurs of 100 Torr would attenuate the UV by
1000:1. This range of variation, combined with the 50-to-l variation in UV
output available by varying the source tube current, gives a capability for large
variations of UV intensity. The design allows UV-tubes to be replaced without
bringing the chamber to atmospherie pressure. Thus, a time consuming and

expensive operation is avoided.
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3.3.3.3 Tube Bank Power Supply

A power supply for the bank of UV-tubes was designed and built to supply
each of the 13 tubes in the bank through separate series resistor chains. Razi
chain has a set of variable resistors to allow the current to each tube to be
varied by + 127 from {ts average value. The power supply voltage may be varied
from 0 to 3 kv with a Varfac, and the max{mum current available is 400 ma. . The
UV=tube current may be varied from 0.5 to 25 ma for a tube voltage drop of 500
volts. The ecurrent and voltage for any single tube can be monitored individusl i
by switching of metering efrcuits. The output voltage of the power supply and
the total current to the tube bank are monitored contimuously. The power supply
ripple is less than 2.5%. The supply, controls, and meters occupy most of a
J-foot relay rack. The circuit diagram for the power supply is shown in Pig. 7
and photographs of the completed supply are shown in Fig. 80. |

3.3.3.4 ™ Gas-landling System

A oasshandling symtem was daafonad and eonetrmetad tn 72711
the chamber with NO to the desired pressure. A block diagram of this system ir
showm in Pig. 81.

Items such ss thermocouple gauges, air release valves and valves which ails:
pumping of specific areas in the system have been omitted for the sake of elari .
The system provides for the following functiome:

1} Admission of N0 to the chamber after a partial distillation ~:
the R0 to improve its purity.
2) Pumping the space between the UV-tubes and port windows.

3) Filling the space between the UV-tubes and port windows wiil

4) Measurement of ND pressure in the chamber, and in the space

between UV-tubes and port windows.
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b.REAR VIEW

80 TUBE BANK POWER SUPPLY
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5) humping the various filling and preesure messuring lines.
6) Simultanecous handling and filling of the chamber with a second
or '"buffer" gas.

These various functions are carried out by opening and closing appropriate
valves. The partisl distillation process :l-s carried out by passing the ND
through & dry-ice methanol trap before admissfon to the system. A molecular
sieve trap is provided in the main pumping line to prevent back streaming of oil
vapors from the mechanical pump, and to provide & better vacwmm than that
achievable with the mechanical pump alone.

3.3.3.5 Differential Pumping System for the Mass Spectremeter

After a mumber of probe measurements had been mzde of the
Plasma produced in the chamber, quecstions arose regarding the purity of the NO
in the chamber. In order to throw some light on this important problem, it wae
desirable to make mess spectrometer measurements of the ND in the chamber while
measurements of the plasma charactaristica wera in nmorass. Qinea tha W
pressure during the plasma tests ranged from 10™° to 5 X 10°! Torr, while the
maxirsam operating pressura of the mass spectrometer (a Veeco Model GA~3 UHV
Residual Gas Analyzer) is 10" Torr, it was necessary to construct a differential
pumping system for the mass spectrometar. To maximize the sensitivity of the
mass spectrometer to impuritfies in the chamber, it was necessary to minimize the
impurities and background econtributed by the differential pumping system. This
meant that the differential pumping system had to be capable of achieving an
ultrahigh vacuum (10~® Torr or less) when sealed frcm the chamber. To accomplieh
this, it was designed to be bakeable, and ultra~high vacuum techniques were
utilized throughout., In using the differential pumping system, certain modifi-
cations to the mass spectrometer were found to be deairable, In the following
subesections, the differential pumping system and the modifications to the mass

spectrometer will be discussed.
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3.3.3.5.1 pifferential Pumping System
A block diagram of the system, bakeable to 400° C,

is shown in Fig. 82. A photograph of the system is shown in Fig. 83. A high-
vacoum pumping system is connected to a manifold. The manifold is comnected to
the mass gspectrometer, to a nude fonization gauge, and, through a di{fferential
punping aperture and a bakeable valve, to the chamber. The pumping system is
composed of a mechanical pump, 2 2-inch air-cooled diffusfon pump using DC~705
punp fluid, and a 2Z-inch Granviile-Phillips Cryosorbt LN, ccld trap. A bakeable
valve bypassing the differential pumping aperture facilitates pumping the region
between the sperture and the valve to the chamber during initial pumpdowm and
bakeout. '

Calculations show that when the chamber i filled to 0.5 Torr of NO and ths
differentially pumped region is at 10~* Torr, en 0.008-fnch aperture in a 1/32-

inch aperture plate would be required. In practice, however, the bakeable valve
was ised in vlace af tha anarture. Rwnarianes rith thiac vealue fndfestes chat a
varisble aperture 1s more suitable than a fixed aperture.

After a 14 hour bake at 4£00° C, pressures of 6 X 1073% Torr were achieved
without the mass spectrometer filament on. A spectrum of the residual gssee in
the differentisl pomping system was obtained after baking and pumping. This
spectrum, shown in Fig. 84, indicates that the totsl system is quite clean.
With the mass spectrometer filament on, pressures of less than 2 X 10™% Torr
were achleved. Prom a cold start with mass spectrometer filament om, about 20

hours of pumping are required to reach 2 X 10™® Torr.

3.3.3.5.2 Modifieations to Mass Speatrometer

Several modifications wers made to the mass
spectrometer te obtain better and more veproducible data, These mbdifications

were as follows:
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o P ——

1) The range of the repeller voltage adjustment was changad from
32 to 8 volts.

2) The voltage across the repeller voltage potentiometer wzs
regelated with a zgener diode.

3) The 2-inch emission current meter was replaced with a 4-inch
17. mirror-gcale meter,

4) The repeller voltage and the high voltages wers brought ent to

(21

test points so that they could be mwonitored with 2 digital wlimeter., Tais allcs:
correctiene to be made for the incdequatz linearity of the sweap potenziom:zter
(¥%). The high voltage ovtput was messured as a functien of potentiometer dial
eattins far maes 78 ta mars 100 using thege test points. These data wers then
used to determine the mass mmber of pcaks azbove mass 28. Tha resultant cirsuit
of the spectrozeter eource power supply is showm in Pig. 85,

3.3.3.6 Film Build-Up or Windows of UV-Tubes

_ - _e C e am e B Bl a¥aa - k3
msrang e WESTAL ST Lo HBUE waork wno suls ook Insenllaes

on the chamber (to be discussed in Seec. 3.3.3.7), it was noticed that the UV
output appeared to decrease fairly rapidly with time, It wee discovered, however,
that the output was restored after the outside surfaces of the windows were wiped
with methanol.

A test wae conducted to investigate this phenomenmon further. A Mod=D tube
was operated for two hours. Its output was measured before and after this periasd
with a detector mounted gbout 1 em awey, the intervening space being evacuated |
by & mechanical pump. The windows of both the lamp aad detactar werae then eleaned
with mathsnol and the tube output was measured again. MNext, the lamp wes ospoerated
for another two hours, after which the system was pumped continuously for ancther

2
i

8 hours with the tube current off. The resulte ¢f thase tests ave shown in Tig., 16.
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Clearly the output decreased with tube operating tiwe in 8 reproducible fashion,
and the agent causing the decrease in output ecould be removed by éither elearning
the window with methanol or by pumping. Similar tests with ar air path between
source tube and detector showed no similar decresse im output with time. It is
thus concluded that the loss of output is a result of the build-up of a UV=
absorbiﬁg hydrocarbon film on the windows. This film presumably is developed by
phétolyais of the residual oil vapors from the mechanical pump.

3.3.3.7 Probe Mearirements

3.3.3.7.1 Introduction

After completion of the instrumentation of the
charber as described above, except for the differential pumping system for the
mass spectrometer, & series of probe measurements was carried out in the chamber,
using probes of several different types. These measurements gave probe curves
vhich were completely anomalous, and in no way resembled the results obtained in
the bell jar which were discussed in Seec. 3.2.2.2. After thorough chacking to
insure that no spurious instrumentation problems were respongible, it was decided
to repeat the measurements in the bell jar. The repaat measurements, howaver,
gave anomelous probe curves similar to those obtained in the chamber, and thus
did not reproduce the earlier bell jar results.

In running down the cause of this non-reproducidility, attentiom was drawa tc
the source of KO used in the measurements. The N0 bottle usaed in ﬁhe first series
of bell jar measurements had developed a lesky valve, so that it was exchanged
for another bottle from the same supplier. Persisteat inquiries to the supplier
finally elicited the information that the second bottle of N) was manufactured by
2 completely different process frem the first.

The probe curves suggested that a& highly active elactron atzaching agent,

present as an impurity in the N0, night 5Se the cause of the anowalous results.
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In order to identify such an impurity, arrangements were made for mass analysis
of the gas during a final set of probe measurements in the chamber. The mass
analysis program, which will be discussed in detail in Seec. 3.3.3.8, showed that
such an impurity, namely N0, was indeed present.

In this section, the instrumentation for making the probe measurements will
be described first. This will be followed by a presentation and discussion of
typical probe curves obtained with various probe arrangements. The interpretation
of these results, aided by the hindsight gained through the later idemtification
of an electron attaching impurity, will be presented along with the results.

3.3.3.7.2 Probes for Measurement of Plasma Characteristics

To measure the characteriatics of the plasma de-
veloped in the chamber with the bank of 13 Mod=D tubes, measurements were made
with two different sets of double probes (denoted as "'small" and "large",
respectively), a Langmuir probe, and a Gerdian condenser probe. Photographs of
the double probes and the Gerdian condenser probe are showm in Fig. 87. The
dimensions of these probee are given in Table XIV. In ’the case of the Gerdian
condenser, the first number refers to the inner conductor, and the second to the
outer counductor.

Table XIV

Probe Dimensions

Separation {cm) From
Probe No. 1 to Probe

Probe Type  Length (em) Radius (em)  Surface Area (cx®) Nos. 2, 3, 4,

5

Double )
(small) 1 0.10 0.06 1 2 4.2
Double
(large) 10 0.03 1.92 10
Langmnir 10 0.03 1.92 -
GCerdian 9.93/17.78 0.317/4.91 19.81/548 -
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It 18 seen that the small double probe actually consisted of 5 probes separated
80 tha; probe pairs had the separations listed in Table XXIV. The Langmuir probe
was actually one of the probes of the large double probe, and used the chamber as
the remrﬁ lead.

The location of the small double probe, in relation to the port on which the
UV=tubes were mounted and to an N0 detector mounted within the chamber to monitor
UV output, is sketehed in Pig. 88. Measurements were taken with the Cerdian
condenser in two different orientations. These orientations are sketched in
Fig. 89.

The instrumentation to apply probe voltages and to measure the probe currents
is shown in the block diagram of Fig. 90. The probe voltage may be controlled
from 0 to % 45 volts with potentiometer R~l and polarity reversal switch SW-l.
Probe current is determined by measuring the voltage drop across precision resistor
R=2 with the Dymee 2401CDigital Voltmeter (DVM) after the voltage drop has been
amplified (10 X) in the Dymec 2411A amplifier. All probe conneections were made
through coaxisl cables. With & oneoseeoudvaveraging time in the DVM and with
R=2 = 10" ohms, a minimm current of 3 X 10~*? ampere could be measured.

3.3.3.7.3 Probe Data

3.3.3.7.3.1 Chamber Measurements (Series II)

In the first series of measurements on the
plasms in the chamber, which will be referred to as Series II, all four types ot
probes described in Sec. 3.3.3.7.2 were used under varying conditions of pressure
and other oparating conditions. These conditions are summarized in Table XV.

The results obtained with each type of probe will now be discussed in turn.
3.3.3.7.3.1.1 Small Double Probe
A typical I-V characteristic for the

small double probe in the chamber is shown in Fig. 91. The striking feature of
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this curve is that it in no way resembles the curves obtained earlier in the bell
Jar (vhich will be referred to hereafter as Series I). In particular, there is

no saturation region over the range 0=45 volts; the shape is concave with an
extended platsau straddling the origin, while a double probe curve for a Maxwellian
plasma should be convex. This 1s all the more surprising because the earlier bell
Jar measurements, using the seme probe, gave typical double probe curves which were
in reasonable agreement with the theory.

In view of the absence of a saturation region in the curves obtained with
the amall double probe, no information regarding plasma properties can be obtained
from these curves.

3.3.3.7.3.1.2 gGerdian Condenser
Next, a Gerdian condenser [21, 22}
wes tried to see 1f something might be learned from {ts I-V characteristic, as
wvell as to see how an actual flight probe responded in this plasma. These
maasurements were made at a pressure of 0.2 Torr.

The I-V characteristic for the condenser located coaxial with the beam is
shown in Pig. 92, and a log-log plot of the same data is shown in Fig. 93. The
1=V characteristic for the Gerdian condenser with its axis at 90° to the UV beam
and its aperature located at the edge of the beam 1s shown in Pig. 94; a log=log
plot of the same data is shown in Fig. 95. It can be seen that the same type of
"kink" (i.e., concave region) occurs nesr the origin in both curves, as first
observed in the data taken with the small double probe. However, it is not as
pronounced, and, in fact, is almost nonexistent in Pig. 9.

In the first quadrant, ths curve for the axial orientation (Fig. 92) looks
suspicioualy like that for an ion chamber. (See, for example, the N0 detector
curves of Figs. 20 end 53.) However, the current at the plateau represents a

drain of omnly 9.4 X 10! electronsesec™, while the value calculated from the.
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measured photon flux is over three orders of magnitude greater. This fact
eliminated the possibility that the Gerdian condenser is acting like an ion
chamber,

Under the conditions of the experiment, the Gerdian condenser should behave
as though the center electrode were a thick Langmuir probe, with the outer cylinder
and chamber walls acting as a ground return. 1In other words, under these conditions
the Gerdian condenser is nothing but a highly asymmetric double probe (Appendix
A2.4). Assuning this to be the case, and that there are only electrons and
positive ions present, the following upper limits for the electron and ion densities
are obtained:

. ne £2 X 10° cm™®
o, £4 X 10* @™,

Thase estimates are obtained using the theory of Appendix A2.1.1.1, assuning
electron and positive ion temperatures of 300° K. 1If the electron temperature
were higher than 300° K, the upper limit on the electron density would be decreased.
On the other hand, if the negative particle saturation region (the flat portion in
the first quadrant of Fig. 92) is assumed to be due entirely to negative ions,
rather than electrons, one obtains an upper limit on the negative ifon concentration
of og 4 X 10° ca™. Since the upper limit on the positive ion density is one-
tenth of this value, and by charge conservation there can be no more negative than
positive particles, it follows from Appendix A2.2 that most of the current variation
in the transition regilon of the probe curve is due to electrons, so tint there can
be no more than twice as many negative ions as electroms.

On the other hand, the theory of Sec. 3.2.1.4 predicts an electron demsity
of about 10° en™. Thus, the upper limit on the actual positive fon density
obtained above is about 3 orders of magnitude lower than that predieted by the

theory. This fs consistent with the presencs of an electron attacher in an amount
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sufficient to provide an attaclhment rate between 400 and 4000 times that of NO.

Finally, the slope of the log-log plot of the positive ion saturation region
gives 0.59 for the exponent on the voltage, compared to 0.57 predicted by probe
theory (Appendix A2.1.2.2) for many collisions in the sheath. But from Sec.
3.2.1.5, A\p s 2.5 X 10~° em, wvhile a sheath size of approximately 1 cm is
obtained from the charge densities deduced above. Thus it follows that many
ecollisions occur in the sheath, in fairly good agreement with the experimental
slope. »

As already pointed out, the negative particle saturation portion of the
curve is quite flat. Prom Table VI in Sec. 3.2.1,5, the electron mean free path
should 1lie between 0.25 and 3.2 cm, depending on electron energy. These values
bracket the sheath radius of 1 em, so that there should be at most a few electron
collisions in the sheath. Thus, from the probe theory of Appendix A, one would
indced expect the electron saturation portion of the probe curve to be fairly
flat wnder these conditions. This is in agreement with the observations.

One cannot obtain an electron temperature because of the "kink". Houwever,
the high breakpoint voltage for the ion saturation region indicates a
number of epithermal electrons of considerable (few volts) energy.

A similar analysis applied to the date for the 90° orientation yields
densities about one-fourth of those for the axial geometry. It would be expected
that the densities would be lower for this case. Howaver, the negative particle
saturation portion {s no longer a flat plateau, but has a slope of 0.6. This
fndicates the existence of a few electrou collisfons in the sheath. This is
consistent with the decreased electron density, and hence larger sheath size.

3.3.3.7.3.1.3 large Double Probe Results

Next, a large double probe was tried.

A typical I-V curve {s shown in Pig. 96, and a logelog plot of the same curve s
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given in Fig. 97. Applying analysis similar to that for the Gerdian condenser
yields an upper limit of np < 1.9 X 10° en™ for the positive ion density. This
is a factor of about 30 below the calculated value of 6 X 107 en™® from Sec.
3.2.1.4. Again the same "kink" or concave portion appears in the curve near
the origin,

The slope of 0.83 in the "saturation" region does not fit any of the probe
theory devlcoped in Appendix A. Hence thig fsolated discrepancy is unexplained.
Finally, the fact that all of the large probes, vhich are 10 times longer than
the small double probes, show saturation, while the small double probe is possibly
attributable to end effects existing for the small double probe. The measured
densities imply sheath sizes from about 0.25 em up to about 2 cm, which are
large compared to the length of the small probes.

3.3.3.7.3.1.4 Langmir Probe Results

Finally, & Langmuir probe was tried
to see if it produced cﬁy different results. A typical Langmuir probe curve is
shown in Fig. 98, and a log-log plot of the same data is given in Pig. 99. Again
it ia noted that the same "kink" is present near the origin as bafore. Assuming
that the temperatures are 300° K, a similar analysis to that for the Gardian
condengser yields the following upper estimates of the densities:

np < 2.4°X 10° a™

oy < 10° ™

neg £ 4.4 X 10* ™3,
On the other hand, the predicted ion density is 6 X 107 cm™, or about 200 times
the upper experimental estimate. Pinally, both of the measured slopes in the
saturation region are a little higher than that predfcted by the probe theory

for a few collisfons in the sheath, wvhich is the applizable case here.
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3.3.3.7.3.1.5 Sumary of Series II Meagsurements

All of the curves of the Series II'
measurements, regardless of the probe used, show the same "kink" or concave shape
near the origin. Second, they all show positive ion densities lying between 1/40
and 1/2500 of the predicted densities for pure ND. Finally, the electron densities,
vhere they can be deduced, lie between 1/2 and 1/10 of the positive fon densities.
These results are quite different from those obtafned in Series I. At the time,
they seemed quite unexplainable, since it was thcught that there should be no
significant difference between the gas samples used in the two series.

3.3.3.7.3.2 Repeat of Bell Jar Measurements (Series III)
On the basis of the above results, it was

decided to retum to the bell jar to see if the results of Series I could be
reproduced. In this series of tests, to be referred to as Series III, two
different gas supplies were used: the Matheson Co. NO used in Series II and a
sample of N0 supplied by Air Products and Chemical Co. 1In addition, an attempt
was made to further purify the Air Products NO by pessing it through silica gel
at dry-ice temperaturs snd then sublimating it at LN, temperatures. Also, both
a krypton and a hydrogen filled lamp were used to see if, possibly, UV spectrum
had anything to do with the kink. The various conditions under which these
measurements were made are summarized in Table XVI. A small double probe was
used for all of these measurements.

A typical probe I-V characteristie for Series III is shown in Pig. 100.
It is seen to be essentially the seme as that obtained in the chamber. Since
all the other curves for this series are similar in shape, one ie forced to the
conclusion that the "kink' is a result of differences in the gas used between
Series I and Series IT and III. It was at this point that a check was mede with

the gas manufacturers to see what impurities might be present in their gas samples.
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This check revealed that there had been a change in manufacturing processes
between the two bottles of Matheson NO, and that the second Matheson bottle and
the Air Products gas had N;O as a common i{mpurity which was not present in the
first Matheson bottle (see Sec. 3.3.3.7 for full details). Fowever, the possi-
bility of N;0 being the attaching impurity was not given much weight at the
time, since the work of Rapp and Briglia [23] on the attachment cross section
of R0 had not yet been published.

3.3.3.7.3.3 Pinal Chamber Measurements (Series IV)

At this juncture it was suggested that
perhaps a film buildup on the probes, together with changes in this film with
applied voltage, might be responsible for the behavior observed above (e.g.,
see Refs. [24], and [25]). It has been known since the early days of Langmuir
probes that they arc.anbject to such surface effects, and that chnngel in work
function due to prob§ contamination could produce erroneous results. However,
double probes are supposed to be relatively free from such effects [16]. Such
a film buildup and changes therein might also account for the long time constants
observed.

All of the data of Series I to III were taken under so-called '"steady-state"

conditions. That is, the voltage vas applied to the probe and then the technictan
wvaited approximately two minutes, for the current to stabilize, before re@ding and
recording the probe current. To check the film buildup and change hypothesis and
effects, a different method (called the "semi-swept" method) of taking the data
was devised. In this method, the voltage té be applied to the probe was set;

then the battery on-off switch of Fig. 90 was turned off, n; that the probe
voltage was zero. Next, two minutes were allowed to elapse, the voltage was
spplied to the probe, and the current at 3 sec after the application of the
voltage to the probe was read and recorded. By following this procedure it was

hoped to keep any film on the probe at its value at zero voltage.
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Some 13 probe curves or portions of probe curves were taken using both the
steady-state and semi-swept methods. Every attempt was made to keep the plasma
conditions the same while taking the I-V characteristies, so that the curves
resulting from the two methods could be compared directly. The conditions for
the various messurements are summarized in Table XVII. These experiments were
performed in the chamber, using both the Langmuir and the large double probe.
Mass analysis of the contents of the chamber was carried out simultaneously with
the taking of the probe data.

3.3.3.7.3.3.1 Langmuir Probe

In Fig. 101 are shown two of the semi=~
swept Langmuir probe curves taken in close succession. One is immediately struck
by the total lack of reproducibflity. Similar results were obtained for the other
Langmuir probe curves. Thus, the data obtained from any Langmuir probe curve
measured in the program are felt to be totally unreliable. The other feature of
note is that all of the semi-swept Langms:ir probe curves still possessed the
"kink",

3.3.3.7.3.3.2 Double Probe

Large double probe curves were taken
in both a straight ND atmosphere and in & NO-He mixture. These results are discussed
separately below.

For the chamber filled with N0 at 0.2 Torr, typical results for the large double
probe, using both data taking methods, are shown in Pig. 102 for the voltage range
=5 to +5 volts. Points taken by the steady-state method are indicated by dots (¢},
and by the semi-swept method by (+). Also shown in this figure are some reproduci-

bility check points (E}) and a curve (@) derived from the steady-state curve by a

precess to be described.
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The first point worthy of note is that the dsta are reasounably repreducible.
The next point is illustrated by the curve (@) derived from the steady=-gtate
dats (¢). This curve was cbtained by shifting the steady-state curve horizentaily
80 that it has the same value of ig at Vg = 0 as the semi~swept curve, and then
oultiplying the curve by 2.8. The curve so derived is seen to concide with the
gsemi-swept curve (+) in the regfon 2.5 to 2.5 volts. Thus it is seen that the
fonctional form for the steady~state and semi-gwept curves is the same, so that
the "kink" is present in both. Next, it foilows that the mein effect of the fiim
ig to raise any tempersture obtained by the equivalent resistance method from
steady-gtate measurements, since it decreases the slope, in this case by a factor
2.8. It thus appears that the electron temperatures obtained during the first
series of bell jar measurcments (Series I) may be too high by a factor of about
3.

A fell double probe curve taken by the semi-swept technique is shown in ¥Tig.
103, and a log-log plot of the same data {s shown in Fig. 104. Using the same
type of approach as in the anzlysis of the Series II data, an upper limit for the
pesitive fon density of

np £5 X 10° en™
is obtained. On the other hand, the theoretically pradicted value is 2 X 10°,
which is higher by a factor of 40 or more; Oue of the slopes in the saturation
regions matches the probe theory well, while the other seems high.

After the straight NO measurements, a set of data was taken for a mixture
of 0.847% NO = 99.167 He. This was dome to see if lowering the concentration of
the suspected atcaching species with respect to the main scattering spgcies could
have any significant effect on crrve shape or other plasma properties. A double
probe semi-swept curve for this situaticn is shown in Fig. 105, and a log-log piot

of the same data is shown {n Pig. 106. The "kink" is still seen to be present.
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Further, from the ion current at the break point it can be reasonsbly surmised
that the positive ion density, and, hence, fon-eleetron pair production rate is
down in direct proportion to the decrease in NO pressure. This experiment
apparently had no effec; on the central problem of the "kink". This is exactly

what one would expect for a dissociative attachment type of electron removal

Process.

3.3.3.7.3.4 Summary and Conclusions
The probe results show that a large volume

plasma has been produced in the chamber with posftive ion densities, np, ranging

between 4 X 10* and 2 X 10° cw™2, and electron densities lying between about np

and np/10. The measured densities are two to three orders of magnitude below

those predicted for pure NO. The low densities, and eleectron densities below

those of positive ions, suggest the existence of a highly active electron

attaching agent which eoubines quickly with the electrons produced by photoioniza-

tion. Such a pmcesé also would distort the probe curves at low voltages so as

to give the observed init:lal concave portion, or "kink", in the I-V charsctaristic.
The distortion of the I=V curve does not allow electron temperatures to be

deduced in the presence of the eleetron attaching agent. It was found that the

probe currents at low probe voltages were depresced by a constant factor of about

3 due to surface changes taking place on the probes with varying voltage, presumably

due to a film of pump oil vapor. This effect leads to apparent electron temperatures

which are too high by this factor when the probe characteristic is taken slowly

point by point. Consequently, the electron temperatures deduced from the measure-

ments discussed in Sec. 3.2.2.2.2 (in & "clean" N atmosphere) should be divided by

a factor of about 3.
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3.3.3.8 Mass Analysis

The chamber probe measurements discussed in See. 3.3.3.7
suggest the presence of an electron attaching agent in the N0 which was not prasent
in the sample of ND used for the feasibility study tests in the bell jar (Sec.
3.2.2.2), The N0 for the above two sets of measurements came from di{fferent
bottles, manufactured st different times by different processes, but from the
same supplier. To help determime the origin and quantity of this attaching agent,
the differential pumping system for the Veeco CA-2 gas analyzer described in
Sec. 3.3.3.5.1 was constructed. This system permits sampling of the gas in the
chamber. In the following, the varfous mass analysis experiments are described,
and the results presented and analyzed. The results indicate that N;O is probably
the suspected electron attaching agent.

3.3.3.8.1 (Cracking Pattern Messurements

Prior to installing the mass spectrometer on the
differential pumping system, it originally was planned to study the "cracking
pattern" of the oxides of nitrogen and carbom, using the bakeable gas handling
system. The electron beam energies in the fon source of the mass spectrometer
are high enough to dissociate or "crack" the molecules of the gas (principally
N0) used in the plasma experiments, so that chemical reactions [26] can occur
in the ion source. Thus, a2 mass analysis of the gas used in the plasma experiment
will show mass lines due to the cracking, in addition to the line representing the
parent gas moleeule. If Py is the peak height at mass M,

Py = ZogmPN
vhere Py is the partial pressure of gas N and the "cracking coefficients,”
kon, are & function of the particular mase spectremeter and its operating conditions.
It s thus necessary to determine these cracking coefficients for the mass spee-
trometer vnder the conditions to be used in the plasma experiment, and for the

gases of particular interest in the program.
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The cracking pattern experiments were carried ocut on the bakeable gas-
handling system deseribed in Sec. 3.3.2.6.1. The macs spectrometer head was
mounted inside the oven and comnected te the tube manifold section. A bakeabls
glass thermocouple gauge was added to the gas=-filling flask sectiom to insure
that the pressure was kept below atmospheric when using high-pressure gas bottles.

The cracking pattern studies were delayed because of the necessity of re-
placing a defective magnet on the mass spectrometer, and in the limited time
remaining a preliminary exemination of the M0 used in the chamber plaema studies

was made.

3.3.3.8.1.1 Preliminary Studies of D

The high pressure N0 bottle, regulator,
and needle valve weres sealed to the gas-handling system through a glass to metal
seal and the entire system pumped out. The mass spectrometer and gaschsndling
system, with the exception of the ND bottle, rezulator and tubing joining the
regulator to the system, were baked at 425° € for & hours. The pressure after
bakecut was 1.3 X 10~7 Torr, which indicated that & considerable gas load was
stiil present due to the regulator and comnecting tubing. It was discovered
after the hakeout that the pressure regulating d:laphram»oa the NO tank was
defective, so that, upon opening the valve, the entire regulater came vp to
tank pressure. For safety reasons, it was decided that, rather than pressurize
the gas flask side of the system and admit ND to the epectrometer through the
variable leak, NO would be admitted to the system while the system was pumping.
This was done by opening the type "C" valve batwean gas flask and vacvum system
and allowing the N0 to diffuse back through the 1" valve to tke spectrometer,
the pressure in the system being adjusted using the needle valve on the NO

regulator.
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Prior to admitting NO to the system, a background mass scan was taken on
two sensitivity ranges of the mass spectroneter.r The first range inecluded the
entire mass spectrums, and the gecond scan, at a factor of 30 greater in
aeui:i.vicy, was taken to obtain the detail of the smaller mass peaks, during
vhieh the larger msss peaks were allowed to go off=gcale. The ND was then
adnitted to the system and the pressure allowed to stabilize to 2.6 X 10~® Torr,
after which two additional mass scans were taken.

The results of the background mass scans and those with N in the system are
given in Table XVIII. The peak heights indicated are the mean values of the two
scans, the mean being taken for those peaks which could be accurately determived
on both scang. Those peaks which were off secale or quite small are single valuas
only. The agreement between scans was found to be quite good, and the values
are within % 47 in almost ecvery ecase.

The third column in Table XVIII represents the difference when the peak
heights duwe to the background scan are subtracted from those with NO in the
system. Thus the difference in peaks should repraesent the coatribution of N
and its impurities to the system. It will be noted that among the different
peaks there are those which are negative. This indicates that there has bsen
a change in the residual gas in the system during the time required for pressure
stabilization of the system. Thaesa changes, in general, are rather small and do
not hamper the analysis.

From Table XVIII the most prominent peak is seen to be mass 28, with a
second significant peak at mess 14. This is contrary to what one would expect,
since the system has bean pressurized with NO (masc 30). The mass 28 peak is
primarily due to N;, with possibly some small contribution by CO. It is believed
that the prominence of the K, pezk over the NO pesk is caused by the fact that

the gas was injected into the system et a point close to the pumping system and
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TABLE XVIII

NO Mass Analysis and Peak Height Data

(Gas_Handling System Test)

MASS MEAN MEAN ' DIFFERENCE
(A.M.U.) BACKGROUND PEAK HEIGRT PEAK HEIGHT
PRAK HRIGHT WITH RO
12 310.1 298.5 o 11.6
13 15.9 7.9 - 8.0
14 482.0 2439.0 1957.0
14.5 - 9.7 9.7
15 168.0 140.0 - 28.0
16 381.0 374,.8 - 6.2
17 741,0 793.0 52.0
1705 3406 = - 3406
18 2638.0 2510.0 - 128.0
19 30.3 10.9 - 19.4
20 14.5 13.3 - 1.2
22 10.2 16.4 6.2
28 9511.0 24650,.0 15139.0
29 107.4 225.3 117.9
30 19.4 1092.0 1072.6
32 52.7 92,7 40.0
34 2.5 = - 2.5
35,3 2,6 » - 2.6
36 11.0 - - 11.0
37.4 12,1 - - 12,1
38 9.9 - = 9.9
40 32,2 33.4 1.2
44 162.1 283.7 121.6
55.5 12,7 6.1 6.6
7605 107 = = 107




allowed to diffuse back to the spectrometer. The relative pumping speed for

N, is restricted to that provided by the diffusicn pump, while the NO pumping
speed is greater because of the liquid nitrogen cold trep, which freezes out

the ND and has little or no effect on the N;. The result of this difference in
pumping apeed‘is that, in a system being continnelly fed a mixture of N, and ND,
the N, will bufldup in the system until the N, pmoping epeed is equal to that of
NO. Thus & deceptively high N; concentration will result.

A second Interesting festure of this mzss scan i3 the pressence of mass 44.

The origin of this peak most probably is due to ¥,0. The absence of any NO,

(M = 46) may appear wmusual, sincz N0y is known to be a common contaminant found

in N0 from the manufacturer of this sample. However, N0, has a lower vapor pressure
than NO at LN, tempersture, so that its pumping speed is even higher than that of
NO.

It wag found during data anaiyeis that the resolution of the mass analyzer
was rather poor. Steps were then taken to improve the resolution by carefully
ad justing the various grid potentials in the ion source. Considerable trouble
was encountered in sccurately determining the msss of each of the'peaklo This
led to the modifications of the spectrometer discussed in Sec. 3.3.3.5. A
detailed explanation of the mass determination problem is given in Sec. 3.3.3.7.1.2
below.

From the above, it is concluded that cracking pattern measureaments should be
dene on the differential pumping system concurrent with pumping speed tests for
each gas. It is important that these mezsurements be performed with carefully
purified gas.

3.3.3.8.1.2 Improved Accuracy of Mass Determinztion

Preliminary studies with the mags spectrometer
diecussed above im Sec. 3.3.3.8.1.1 indicated that there were certain problems in

the evaluation of the mass number for each peak. The solution of the equations of
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motion of a charged particle of mass M accelerated by a voltage V and deflected
by a fixed magpetic field give the solution

MV = K {51)
where K is a constant. In order to evaluate the constant K, the first and most
straightforvard method is to assume that the accelerating voltage varies linearly
with chart distance, as stated by the manufacturer. Using this assumption and two
easily identifiable peaks on the mass scan (for example mass 14 and 28), K can be

computed by solving two simultaneocus equations MV = K which give

V(14) = V(28) = K (‘iZ - .2.;) (52)
The difference voltage V(14) = V(28) could be obtained by measuring the distance
from mass 14 to mass 28 and using the manufacturer's calibration of 40 volts per
inch. Having determined the value of K, it is then possible to compute the value
of V(28). The value of V(28) provides a reference point from which the voltage
of the other peaks, and thus the mass, can be determined.

Efforts to use this method for evaluating the value of K indicated that there
wvere large errors present when determining the value of M for M > 40.

The voltage linearity of the mass spectrometer was then measured using a
digital voltmeter (accuracy * .001%). Using the dial indicator on the high
voltage sweep potentiometer, the voltage was measured from 110 to 600 volts in 1
dialedivision (approximately 8=-volt) steps and from 600 volts to 1800 volts in
50-dial-division (approximately 40 volt) steps. Evaluation of these data shows
the average voltage variation rate to be 40.81 % .254 wlts per inch.

Using the results of this voltage linearity check, a detailed error enalysiu
was undertaken. The results of this analysis show that at mass 50 the error in

M is %= .69 and for mass 100 the error is £ 2.84. This error, as can be seen ghove,

still remains unacceptably large.
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In order to avoid the relatively large errors involved in determining M by
either of the above methods, an alternste approach was adopted. The gpectrometer
was modified to allow direct measurement of the accelerating voltage by mezps of
an accurately constructed voltage divider and the digital voltmeter. The value
of the aceelerating voltage for mass 28 and mass 14 were measured and the constant
K determined using (52). The dial setting of the high voltage potentiometer was
also determined for each of these two mass peaks.

The voltage of peaks other than mass 28 were determined by meaguring the
distance from the unknown peak to the mass 28 peak, this distance was then cone
verted to the number of dial units from the mass 28 peak, and the voltage
determined from the data taken during the linearity test. This method allows
determination of mass to within 1/27 for M = 100, and mcre accurately for lower mass
numbers. In most cases it was found that the mass sctually determired during data
analysis was far more accurate than this. For this reason the values of M quoted
below will be given in integral values only, except where large discrepancies
oceur.,

3.3.3.8.2 cChamber Mess Speetrums

Puring the final eeries of probe curvee (seriss ivy,
the gas in the chamber was subjected to mass analysis. Mass analysis was performed
at both the start and end of e2ch probe eurve. Spectrometer and chamber backgrounc
scans were also taken. In all cases, N0 was admitted to the chamber through a
dry ice/methanol ecold trap, which helped reduee the contsmination level in the ND .

EBach mass analysis consisted of two scans, taken concurrently with the probe
curve. The first scan, taken on the lowest sengitivity range of the epectrometer,
shows the major mass peaks. The second scan, taken with a factor of 100 gaim over
the first scan, shows the fine detail of the mass spectrum, the larger peaks

being off-scale. The results of one pair of these scans have been compiled into
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a single table, Table XIX, giving the mass and peak heights. Adjustments to the
data given in Table XIX have been made for pressure drift duriag the mass scan,
and for gome consistent discrepancy in peak height between the two scans. In
order to facilitate examination of the data, the major constituents of the gas
(greater than .17) have been placed in a separate column and listed in percent
of the total concentration. The minor constituents of the gas have been placed
in a second column and are quoted in partseper-million (PPM).

An examination of Table XIX shows that, as would be expected, the major
constituent of the gas has a mass of 30 (NO). Extensive analysis of the data,
however, is not possible since detailed "cracking pattern" dats for purified
N0, ete., are not available at this time. FProm an empirical point of view, one
would expect that for pure NO (M=30) the expectrometer would yield the major peak
at mess 30, with additional peaks at M=16 (0) and at M=14 (N} caused by eracking
of the NO molecule. The presence of free N and 0 atoms and ions would also give
rise to resctions with NO which prouduce NO, (M=46) and N,O (M=44). These chemical
or ion-induced reactfons should, however, be sccond order effeets. There also
exists the possibility of finding the peaks of doubly ionized MO, NO;, and MN,0,
which would appear at appsrent mass numbers of 15, 23, and 22, respactivaly.

An examivnation of the data in Table XIX shows a relatively large coneertraticsn
of mass 14 (6.387). This probably is due prineipally to nitrogen arising from
"eracked" N0, with some additionsl N arising from N, present as a conteminant
in the NO, and from doubly ionized N; or doubly fonized €0 (a common residusl gasn
of mass 28). The mass 15 peak (doubly ionized NO) is also seen to be large
(7.127). The msjor ecntribution to this peak is probebly due to doubly iomized

The rather small O (1#+=16) pesk (.72%) indicates that, if oxygen is being

produced by cracking of N0, then it must be involved rather gtrongly in the
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TABLE XIX

Chamber Mass Spectrum (Series IV Rum 20, 21}

MASS PEAK PERCENT P.P.M.

(AM.U.) HRIGHT CORCENTRATION CONCENTRATION _
12 120.7 .122
13 5.70 57
14 6329.0 6.38
15 7063.0 7.12

15,46 25.82 260
16 714.8 .721
17 95.0 958
18 301.9 -304
19 5.58 56
20 11.76 119
22 33.62 339
23 4,00 40
24 2012 21
25 5.33 54
26 24.36 246
27 38.0 383
28 9477.0 9.56
29 96.36 971
30 73590.0 76.2
31 266.7 .269
32 339.9 ~342
33 2,00 20
33.46 1.58 16
34 2,12 21
35 2.12 21
37 1.76 18
38 1.70 17
39 4.55 46
40 26,36 246
41 5.15 52
42 6.00 60
43 2.91 29
44 578.2 .583
45 7.03 71
46 2,66 27
52 2.73 27
60 1.64 16
71.37 1,52 15
77.38 1,52 15
18.42 3:15 32
79.25 1.6% 16
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resction N0 + O = NOg. 1f this were true, then & large NOg concentration should
be seen, This is not found in the data (N0 & 27PFM). This implies that,
assuning M=46 is the primary peak due to NOg, there is very 1ittle cracking o2
NO, or sowme other effect i removing the oxygeu.

The large size (9.55%) of the mass 28 peak, which indicates the presence of
an appreciable quantity of Ny or co (both M=28), is rather more difficult to
understand. This same effect was also noted in the preliminary examination of
N performed on the gas-handling system, vhere the N, peak was by far the wost
prominent peak i{n the mass spectrum. It is suspected that a gignificant varistion
{n pumping speed for N and K, could give rise to this effect. This was discussed
{n Sec. 3.3.3.8.1.1.

Mass peak 31 is probably eaused by N0 with an i{sotope of nitrogen (Ng) OF
oxygen (032), while the mass 32 peak is primarily due to molecular oxygen. Toe
gize of the mass 44 peak (.58%) indicates rather large quantities of N;0, while
the mass 46 peak (27 PPM) indicates almost DO NO; .

Approximtely sixty mass scans were taken during probe measurements in the
chamber. All of these scans were examined, snd it was found that the scans wi.th
NO present showed no marked deviation from the typical result given in Table ¥ixk.
The background level of "eracked" hydrocarbon contaminants due tO poth mechanical
pump oil and diffusion pump ofl remained at a low level ( < 100 ppm) &nd in
approximately the samd proportions to NO. A mass peak due to S0, (M=64) was
looked for, since this is & possible contaminant arising from the production of
the NO, as discussed in Sec. 3.3.3.7.3. A nunber of the mass scang showed & peai
at M=64, but the beight of the peak generaliy was very small and of the same prder
of magnitude as the noise level. This peak for ome scan was dafinitely above the

noise level (S/N ~ 3), but had the same haight rolative to the MO peak as those
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where S/N ~ 1. Prom this it is felt that SO; was present in a concentration of

not more than sbout 15 ppm.

3.3.3.8.3 Chemical Analysis of NO

The first bottle of WO, which was used in the bell
jar feasibility tests (3.3.2.2), wes purchased from the Matheson Company. It was
produced using NaND, + H;50,, with FeSO, acting as a catalyst. This proceas gives
rise to N0p and N; as contaminants. It is important to note that no RK,0 or S0,
are given off as eontaminants {n this process. The batch analysis for this
specific bottle was not available from the Matheson company. The Matheson company
reports that typical batch anaiysis of this gas shows no N,O or SO; contamination.
The sensitivity of their analysis is 1000 ppm.

The second bottle of N0 purchased from the Matheson company was produced by
a different process. This process involves the reaction of HNOy with SO3. At the
end of the experimental program, this bottle of NO was returned to the Matheson

company for analysis. Table XX gives the contamination found.

Table XX

Contaminsants in Matheson NO

o S4T,
«29%
. 62%
- 65%
< 100 ppm

< 100 ppm

p 88 # 58 %

< 65 po
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Comparison of these data with that taken with the mass spectrometer on the
gas in the chamber shows that the N0, and 0D, concentrations in the chamber are
amall compared to the concentration in the NO gas bottle. rHowever, both NO, and
0y have a low vapor pressure at the dry ice/methanol trap temperature, so that
they sust have been frozen out before the gas reached the chamber. (The temperature
of the dry ice/methanol mixture is at a temperature below the sublimation point
of CO; alone). The N,0 concentration given by the mass spectrometer data (.58%)
is in very close agreement with that found in the Matheson analysis (.547). The
vapor pressure of N0 18 in the order of 100 Torr at the trap temperature, and
thus very little, if any, of the N0 should be removed by the dry ice/methanol
trap. The relatively large concentration (.65%) of N; given by the Matheson
analysis could give rise to the large N, pesk (9.55%) found by the mass analysis
if there were a factor of 15 difference in the pumping speed for N; and N0 due
to the liquid nitrogen trap. This does not seem to be a8 completaly unreasonable
difference in pumping speed, since N0 vapor is highly condensible at liquid
nitrogen temperature.

The gas from the second bottle of Metheson ND was used in all of the probe
measurements in the chamber, and also in the bell jar measurements reported in
See. 3.3.3.7.3.2.

The NO manufactured by Afir Products and Chemical Company was produ;:ed by
reacting N;0, with Hy0. A typical batch analysis of this gas made by Air
Products shows the contamination given in Table XXI.

Table XXI
Contsninents in Air Products N

A 60 prm

Ny «32%

N0 600 ppm

NoOg trace(< 10 ppm)
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NO; was not pregsent in detectable quantities, and there should be no S0, impurity
in this gas.

lowever, Matheson reports that Alr Prodects has been buying large quantities
of NO from them. This raises some question about whose N gas is really present
in the Air Produets bottle used. Unfortumately, it has not beaen possible to
obtain vhat can be regarded as a fully satisfactory answer on this point frem
Air Products.

3.3.3.8.4 Swmarv snd Conclusions

Both the mass analysis and chemical analysis of
the N0 gas have indiested that NyO is the most prominent contaminant in the chamber
vhich is likely to act as a strong electron attacher.

The earliest probes data taken in the bell jar, using the first batech of N0
supplied by the Matheson company, did not indicate the presence of & stromg
electron attaching agent. The process used to produce this NO does not give rise
to NgO or SO0, and within the sensitivity of tha Matheson chemical analysis no
NgO was even found.

The seaeond batch of ND supplied by the Matheson company, and that msnufactured
by Air Products and Chemical Company, both conteined relatively large quantities
of KO (.547 and 600 ppm respectively). All probe data taken using thess geses
show the effects of a strong electron attacher, as described in Sec. 3.3.3.7.

Further, 1,0 is the only contaminant cozmon te the second Matheson and Aty
Products gases but not present in the sriginal Mathesen NO.

The use of L0O; or Li; in the chamber eold trap (See. 3.3.3.7.3.3} d1d not
change the nature of the probe dsta. But with L0, in the chsmber cold irep
there should be little ND; in the chamber, and with LN, in the chamber cold
trap both N0, and COy should be reduced to negligible levels. PFurther, the

uegs spectrum data indicate that the dry fce/methanol trep in the NO=handling



system reduces the NO; concentration to the order of 10 ppm. IHowever, none of
these would have had muech effect on the N0 contamination levels. The N,0 level
can only be reduced by very carefully controlled multiple distillatfon at about
85" K. Even then, the 1,0 level would still be about 10 ppm.

Pinally, SO; is present in such small quantities ( = 15 ppm) that it {s
doubtful that it is the culprit. It is thus concluded from the mass and chemical
analyses that N;O must be the attaching agent responsible for the anomalous probe
curves. ‘

A preferable procedure to purification of the NO by the distillation process
mentioned above would be to obtain N0 msnufactured by the process used in producing
the first sample used in the bell jar experiments discussed in See. 3.2.2.2. Efforts

to obtain such a sample from the manufacturer have been unsuccessful, however-
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3.3.3.9 Sugmary and Conclusions
A large volume plasma has been produced in the chamber

by photoionization of nitric axide. The probe results show that this plasma

has positive fon densities, np, ranging between 4 X 10* and 2 X 10° o™ and
electron densities lying between oy and n,/10. These measured demsities are

twvo to three orders of magnitude less than those predicted for pure NO by the
theory of Sec. 3.2.1. The low positive ion densities, and electrom densities
below the positive fon density, suggest the presence of an electrom attaching
impurity vhich gives rise to nmegetive fons. Both the mass and chemical analysis
dsta show the presence of such an impurity in the form of N,0 in a concentration
of 0.5%. The theory of Appendix B shows that the presence of N0 in this concen
tration can quantitatively account for the observed decreased densities., N,0 was
not present in the NO sample used i{n the first bell jar experiments (Serfes 1),
described in Sec, 3.2.2.2), which acecounts for the di{fference between the data
for Series I measurements and the rest of the probe data, and the agreement of
the Series I data with the predictions of the theory of Sec. 3.2.1.

The probe curves taken with the ;0 impurity present show an anomalous
behavior in the form of a "kink" near the origin. From Appendix B, the prasence
of I,0 changes the electron energy distribution to a two-peak non-Maxwellian form.
From the probe theory of Sec. A2.3 of Appendix A, this sccounts qualitatively for
the observed anomalous behavior of the probe curves. The anomalous probe curves
due to the N0 contaminant preclude the determination of an electron temperature.

The Series I measurcments gave apparent electron temperatures in the ovder of
5500%K. The comparison of the steady-state against the semi~swept methods of
taking probe curves, as discussed in Sec. 3.3.3.7.3.3.2, indicates that the
former method leads to apparent temperatures which are too high by a factor of

about three. Hence, the Scries I temperatures actually were in the order of 1800%.
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Thus the photoionization method of plasme production does indeed result in s
rather cool plasma, as predicted theoretically.

Finally, some serious inadequaciecs of the experimental techniques employed
have become apparent. Thesc are the NO supply, pump oil vapor contamination, and
the techmique for taking probe curves. Foremost of these of course, 18 the
contaminated RO supplied by the manufacturer. Further purification of the NO to
reduce the N0 concentretion is mandatory before a realistic plasma can be
produced and meaningful measurements made therein. Preferably, a manu fac turing
process should be employed which does not give rise to N,0 or 8Q,, such as the
process used in the production of the first sample.

In addition to an improved NO supply, trapping should be installed in the
mechanical pump line. Finally, a fast sveep technique should be employed in taking
probe curves in order to prevent perf.urbations due to slow changes of the probe
surfaces wvhich take place as a function of the probe voltage.
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Under this topic, a aumber of miscellaneous services have been pexform:d,
such as the redesign and refurbishing of vacuum systems and components, tests >f
instruments and components in the high vacuum chamber, and design and construction
of special types of discharge tubes. These are described and discussed below.

4,1

A portable high vacuum system was comstructed and delivered to GS¥FC.
This vacuum system consists of the following: A 4" oil diffusion pump, containing
a water=cooled cold trap to decrease back-strecming, mounts to a 4" vecuum gate
valve. The output side of the gate valve is bolted to an adaptor plate to which
the bell jar and its adaptor will be mounted., The bell jar adapter which was
supplied by GSFC consists of a circular assembly 18" in diameter and 8™ high. The
lower portion of this adaptor mounts on the adaptor plate, while the bell jar aits
on the upper edge. The vertical section contains 4 ports to vhich varfous feed-
throughs may be attached.,

The fore pump is 2 Welch rechanical pump. A thermocouple gauge and am
ienization gauge and their controls are an integral part of the system, The
thermocouple gauge is mounted directly below the bell jar adaptor and the ioniza-
tion gauge mounts in one of the ports in the bell jer adaptor. A water~fiov
Ccontrol shuts down the system in the event there is loss of water pressure. Ths
system has pumped down to 3 X 107° Torr without the bell jar or its adaptor in
place.

4.2 Yag=lon Sveten

The portable pumping system described above had originally been buiit for
use in the low-=temperature plasma studies. Imn order to allow these studies to
continue, GSFC delivered to ERC a bell iar pumping system. The follawing work vas

necessary to recondition this system:
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(a) The system was extremely dirty, with pools of diffusion pump oil
collected in the lower portions of the system. Because of this, the total system
was completely disassembled and thoroughly cleaned,

(b) Since the system contained no trap to prevent backestreaming of
diffusion pump oil throughout the system, and since cleaning of the entire system
is a large chore due to the complicated manifolding, ERC recommended to GSFC that
the system be reassembled with a Vac-Ion pump instead of the oil diffusion pump.
GSFC was agreeable to this procedure.

(c) The original system contained an ion generator, two iomization
gauges, three thermocouple gauges and a 2" air=cooled oil diffusion pump (for the
ion generator). The system was reassembled with only one ionization gauge and
one thermocouple gauge.

(da) n:e.mtor for the bell jar 1ift systam was inoperative and required
8 new armature,

(e) The roughing pump oil was extremely dirty. The pump was thoroughly
cleancd and rebuilt by GSFC.

(£) The power supply for the Vac~Ion pump gave considerable difficulty.
Upon several occasions while thé system wvas pumping, for apparently no reason
ona leg of the bridge rectifier (solid state diodes) would fail. This occurred
aeven after 8 current overload circuit was installed in the output line of the
power supply. It appeared that the power transformer would intermittently short
to its freme, putting double voltage on one leg of the bridge rectifier. No
difficulty has been experienced since the transformer frame was insulated from
ground. A Variac to control the voltage to the power supply was installed in the
system. This allows control of pumping current and is helpful vhen the pump is
first started and pumping currents are high.

When the system was completely reassembled with the bell jar on a bell jar
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adaptor as described in the previous section, the system pumped dovm to a
pressure of 5 X 107° Torr. The roughing pump was comnected into the system as

in the original arrangement. This places its foreline valve at the end of about
4 feet of 2~inch Sylphon tubing., With this arrangement, the Sylphon tubing remains
in the highevacuum portion of the system. The system was later altered so as to
have the foreline valve mounted as close to the high vacuum portion of the system
as possible. At this time a molecular sieve trap was added baetween the foreline
valve and the mechanical pump. This trap prevents back diffusion of oil and
water vapor from the mechanical pump and thus eliminates a troublesome source of
contamination for both the ion gauge and the Vac=Ion pump. Vacuums of 2 X 107°
Torr and better have since been produced.

After prolonged use of the vacuum system, the Vac-Ion pump began to develop
short circuits in saveral of its pumping elements, These shorts are typical of
ion pumps and ara due to the formation of 'Wwhiskers" of sputtered titanium, er are
due to the formatiom of scales of oxidized titanium., The pump was removed from
the system and both the pump body and the elemeuts were chemically cleaned in a
hot potassium hydroxide solution followed by a hydrefluoric acid dip. After
reassembly of the pumping systeam, there has been no reoccurrence of the shorting

The vacuum system delivered to ERC by GSFC contained both a 2-inch and
a 4=inch diffusion pump. These pumps were intended to become the nucleus of two
portable pumping systems. The 2-inch pumping system, with its associated manifold
valve, menifold, conmectors, gavses, kes been completed and tested. It was
discovered during test that the manifold valve was defective and had to be returned
to the manufacturer for replacement. The pumping system, without valve, finally

was incorporated in the differential pmnping system for the mass spectrometer
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described in Sec. 3.3.3.5. Work on the 4-inch pumping system was deferred in

favor of the plasma program, so that the components were returned to GSFC.

4.4

The outgassing rate of a segment of a rocket body to be used in an
experiment by GSFC was measured in the chamber at the request of the Technical
Director. The sample was mounted {n the chamber, and the system allowed to pump
doun to an equilibrium pressure of 1.4 X 10~° Torr. The temperature of the
chamber was then raised to 232°C. During the heating period there was a
tremendous pressure rise, which. required that the bake and diffusion pumps be
turned off and the chambaer cooled. The bake was again started and controlled at
1259C. The tempersture then was slowly increased to 232°C. The equilibrium
pressure at 232°C was 1 X 107® Torr. The bake was then turned off, and the
chamber coeled. .

The sample was removed from the chamber, and a second run was started with
only the bare chamber., The pumping and baking schedule of the chamber vas
maintained the same as that used during the sample run.

A second sample run was made in order to see if the inftial burst of gas in
the f£irst run was due to some initial surface condition of the sample, and
vhether it is possible to permancntly outgas the sample. The results of this run
indicate that there was no large gas burst upon initiation of the bake, and it vas
possible to increase the temperature steadily to 232°C, in coatrast to the step-
wise increase necesa#ty in the first run. There was also an obvious decrease in
the outgassing rate of the sample at 232°C.

Using the results of both the bare chamber run and the sample run it is
posaible to compute the gutgassing rate of the sample,

The differential cquation vhich governs pressure as a function of time is

given by
=y(dp/dt) = Sp - ;EAiQi
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where V is the volume of the chamber in liters, p = p(t,T) is the pressure in
Torr, S is the pumping speed at the chamber in liters=sec™?, A; is the area in
co® of the ith surface vhich ocutgasses at a rate Qs = Q1(t,T) in Torr-liters~
1

sec”™t =cm™3,

This equation can be integrated and has the form
t
p = ppe StV 4 rie's"""%Ai IoeStNQidt’

1f it is assumed that the bare chamber pressure, Pps is knoim as a function of
time and temperature, then, substituting this into the previous equation, the
equation for the pressure pg for the chamber plus the sample, as a functioa of
(t,T), becomes

€t
Pg = pg + Tle8tN L,eStNQs(t,T)dt.

Thus, if some reasonsble time dependence for Qg is assumed, this equation can be
fategrated. Assuming that Qg = Qg(t,T) = Qg(TVe™Vt, where i is some constant end

Q§(T) contains the temperature dependence of Qg, this yields upon integration
P = pp + [A5QE(T) (e Bt ~ eStN) /(s - uv) ],

The pumpi.ﬁg speed, S, at the chamber is given by
(1/8) = (1/6) + (1/3p)

where Sp 1s the pumping speed at the pump (10,500 £/sec) and G is the conductance
of the water and the liquid nitrogen baffles (5700 2/sec each)

1/6 = (1/Gyarer) + (1/6ix)-
This gives 8 = 2435 g/sec. The volume of the chember is 1000 liters so that the
term SN = 2.435 sec”?, which is quite large. Thus the terms involving e-St/V
approach zero very rapidly and may be dropped. Thus pg is given by

p = pp + [AQ°(DePE{(s = w1 ],
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In the case where ut << 1, this reduces to

ps = pB + [2gQ*°(T) /8]
and solving for Q'(T),

Q'(T) = 3(ps = pp)/As
Using the above equations, the peak outgassing rate of the sample as a function of
temperature was computed from the dats. The results are given in Tsble XXII.

Zable ZXIX
Peak Outgassing Rate of Fiberglas Rocket Section as a Function of Temperature
T
Toxx-litero=gac=2eqp? =g
4.86 x 1077 25
8.7 x 10°° 125
1.73 x 1078 150
3.41 % 107 175
3.85 x 10°% 200
5.41 % 1078 232

3.52 X 1077 upon return to 25

The outgassing rates for the rocket section given {n Table XXII can be comparead
with those for typical metals in Table XXIII, taken from Das [33].

Zabla XXXI1
Pegk Outgassing Rates for Some Typical Metals
(Torr=liters-sec > «cm ?)
Mgtal 2°c P Return to 250 ¢
1020 mild steel 1.7 x 10°° 7.0 X 1077 4,5 x 1073
6061°T6 alumimm 2.8 x 10°° 2,0 x 10°° 4.6 X 10°3°
30% stainless steel 5.3 X 10710 3.3 x 10°° 1.7 X 1073°

The sample was allowed to remain at 232°¢ for an extended length of time, and
at this temperature the outgassing rate has the form of a very slowly varying
cxponential

Q = Qe ™t
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where 4 vas found to be 1.02 X 10°¢ gec™?,

A comparison of the cutgassing rate measurements for Runs 1 and 2 i{s shown
in Table XXIV. This shows a reductiocn in the outgassing at 232°C, by a factor
of 2.8 during the second run. The second run was made after the rocket section
had been exposed to the atmosphere for 10 days. It was found that the tremendous
pressure rise in the first run during the initial heating (vhere the outgassing
rate was in excess of 5.41 X 10°¢ '!orr*litere-sec”"wna), was not found {n the
second run. These results indicate the outgassing rate of the fiberglas can
be permanently reduced by a factor of more than 10 by pumping and heating. This
is due to removal of grease and water vapor which has been absorbed by the surface
during mamufacture and handling. The overall reduction of the outgassing rate
after this initial cleanup is not comsidered to be significant, since subsequent
baking and pumping yield very little additional reductiom in Q,.

dable XXIV

Comparison of Outgassing Ratea_ of Fiberglas Rocket
Section Between Runs 1 and 2 (ten day exposure)

(Torr=litersesec™? =coi?)

Q - at 25°¢ 8£.232°C BRatuxn £0 25° C
Rum 1 4.86 x 1077 5.41 X 107 3,52 x 1077
Run 2 2,08 %« 107 1.95 X 107% 2,27 x 10™7

The mass spectrometer was used before and after cach bake on both the bare
chamber and the fiberglas rocket body sample, The mass scans on the bare chamber
were subtracted from the mass scans on the sample to remove the contribution from
the chamber. Significant ¢iffarences vere chosen as those whose heights were more
than 0.5% of the total of all the differences. These differences, which are roughly
proportional to the partial pressure of a given gas component contributed by the
sample, have been plotted versus mass number ‘1n Pig. 107,
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It can be seen that the lsrgest peak before bakeout occurs at mass 18, the
water vapor peak. The large peak at mass 28 represents the sum of N; and CO. The
peak at mass 14 reptesent's atomic nitrogen, while those at 12 and 16 indicste the
presence of atomic carbon and atomic oxygen respectively. The exact amount of
maesses 12, 14, and 16 depends upon the cracking pattern of N, and CO. There may
be a contribution at thase peaks due to fragments of large organic molecules which
have been decomposed by the hot tungsten filaments in the mass spectrometer and
the ion gauge. The evidence of cracking of large organic molecules can be seen in
the mass spectrum gfter the bake, where there are a large mumber of peaks in the
mass range above mass 30, This {s indicative of a decomposition of large "organic"
molecules. The large peak at mass 89 may be the parent molecule of many of those
mass peaks found in the lower mass range, or may be due to cracking of a molecule
whose mass exceeds 100, the upper limit of the spectrometer.

The occurrence of the large mass peaks gftor bakeout is indicative of a slight
chemical breakdown of either the fiberglas or the epaxy used to seal the fiberglas
to the aluminum rings. Examination of tha sampla before and after bake showed that
there was a very slight color change in the fiberglas. The epoxy used to seal the
fiberglas to the alumimm ring changed in color from white to brown. This change
in color may indicate the origin of the large mass molecules observed after bake.

The percentage concentration of the residual gas after cach step {s shown in
Pig. 108, BHere, again, it is obvious that large mass mumber molecules are more
numarous after bake, while vater vapor, wvhich before bake was the most dominant
of the residual gases, shows a marked decrease in concemtratiom.

4.5 Jon Trap Test

At the request of GSFC, vacuum services were provided for the calibration
of an ion=electron source and sensor sssembly built for a rocket experiment. The

apparatus vas attached to the small portable 4<inch vacuum system by a glass
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tubulation. An initial pumpdown leveled off at 5 X 107° Torr. By the use of
acetone, it was found that the ifon trap had several leaks. Consequently, it was
decided to transfer the experiment to the large vacuum chamber so that the entire
instrument could be immersed in a lowepressure medium. The chamber was evacuated
to 2 X 1077 Torr, and calibration measurements were performed, After the necessary
measurements at 2 X 10°7 Torr were completed, the pressure was faised to 1 % 1078
Torr by admitting helium to the chamber, and the series of measurements was repeated
at this pressure.
4.6 Rell Jar Lifs Svatem
A motor=driven bell jar 1lift system was installed on a vacuum system for
GSFC. The system comsisted of a high~vacuum pumping station in vhich the evacuation
chamber wvas an 18~inch bell jar. The necessary mechanical design was made, the
required modifications to the station were installed, and the completéd system was
returned to GSFC.
4.7 Zubg Fsbricatien Scrvices
Two spacial Mercury discha:ge tubes vere dasipgn=d for GSFC on a priority
basis, Botb tubes were completed and delivered. The second tube was an improved

and somevhat more elaborate version of the first.
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I

S. SIMMARY, CORCLUSIONS AND RECOMMENDATYONS

5.1 Sumnary and Conclusions

An experimental finvestigation of the behavior of an r-f capacitance

probe has shown that the expected decrease in capacitance upon {mmersion in a
plasma msy not always be found. | Due to the formation of ifon sheaths around the
electrodes and the effective conductivity due to collisfons at higher pressures,
the effective separation between the plates may decrease in a plasma, with a
resulting increase in cabacitinee. Consequently, in the use of this type of
probe, compensation or allowance for the effects of sheath formation {3 required.

A program for D-region simulation in the large highevacuua chamber installed
at ERC has been carried cut. Por this purpose, the process of ultraviolet (DV)
photoionization of N0 around the Lymanec line was studied both theoretically and
experimentally, with the goal of producing a low-temperature plasma in the chamber.

Before proceeding with the simmlation program on a large scale, a feasibility
study program was carried out. It consisted first of a theoretical study, in which
the required photon flux was calculated, taking into account the varicus loss
processes vhich are operative. This showed that a photom flux of 10** to 10*%
photons-cn®esec™® is sufficient to generate electron densities suitable for
D-region simulation, and that the electron temperature should be that of the gas
for pressures of 10~ Torr or greater. Furthermore, it was showm that a somevhat
lower electron temperature should be obtainsble with a krypton UV-tube than with
a hydrogen tube. |

The theoretical study was followed by an experimental feasibility study to

demonstrate that UV sources with large enough efficiency and photon flux to meet

the requirements could be prédnced. Several tubes of new design were built and
the effects of tube geometry and gas filling were investigated. Krypton was found
to yleld a higher efficiency and output than hydrogen or hydrogeneneon combinations
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for the gas filling. UV outputs one to two orﬂers of magnitude higher than the
output of a cotmercially available UV tube were obtained. Output and efficiency
were well above the minimem values determined from the theoretical study.

Finally, a plasma of approximately the desired characteristics was generated
by photoionization of ND in a bell jar, and fonization densities and electron
temperatures of the expected order were obtained, using double probes to measure
the plasma characteristics. Flectron densities around 10° cn™ and electron
temperatures around 1800° K were obtained. Thus the photoionization method of
plasma production does result in a rather cool plasma, as predicted theoretically.

Following the successful demonstration that UV-tubes of the requisite oﬁqmt
and efficiency could be built, a program to develop & large~volume low-temperature
plasma in the chamber was undertaken. From the various basic tube designs investi-
gated in the feasibility study program, a design was chosen vhich would allow-a
number of tubes to be packed fairly closealy in a bank mounted on the chamber. A
number of these tubes were comstructed snd their characteristics measured. This
program resulted in UV-tubes which adequately meet the requirements for producing
a large-volume plasma, yielding flux levels up to 10*® photons sec™ per tube.

The tube geometry is compact, lending itself to close packing in a beank of tubes
to increase the UV beam area. The tubes were proved by life tests and subsequent
operation to have empttoml'oub:luty and relisbility, and long life. In
addition, large photon detectors for these tubes were constructed.

The final part of the program was devoted to the development of a large-volume
plasma in ths chamber, using the tubes developed under the program. Unexpectedly,
the preobe csfves obtained were of unusual shape, being vholly unlike those obtained
in the bell jar during the feasidility study program. A repeat of the measurements
in the bell jar also gave ancmalous probe curves. This wes finally traced to the

fact that in the later measurements a different sample of N0 was used, which was
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mansfactured by a completely different process from the first sample, although
obtained from the same manufacturer. Mass analysis of the second sample in the
chamber, using a differential pumping system which was assembled as an &d junet

to the chamber mass spectrometer, showed K,0 a8 an impurity, with a concentration
of 0.5%. Analysis shows that N,O acts as a very effective electron attaching
agent, producing negative fons, as well as distorting the electron energy distri-
butfon. As a result, positive ien and electron densities obtained are two to three
orders of magnitude below those expected, and obtained in the bell jar measurements
with the first (wmncontaminated) semple of NO. Also, the distortion of the probe
curves due to the distorted electron energy distribution resulting from the N0
contamination precludes the determination of an electron temperature. Thus this
type of impurity must be kept to a very low level,

During the expermen:ai program, socme inadequacies of the experimental
techniques employed became apparent. It was found that a film was produced on
the lithiem fluoride windows as a result of photolysis of residual pnp vapors
by the radiation from the UV-tubes. This film could be removed either by wiping
with methanol, or by overnight pumping with the UVebeam turmed off.

In addition, it was found that taking probe curves by the point-by-peint
method was subject to error due to slow changes of the probe surfaces (presumably
the formation of surface layers) as 8 function of probe voltage. This results
in probe I-V curves of reduced slope, and apparent increased electron temperatures
as a result thereof.

5.2 Recommendations

As a result of the difficulties encountered in the program, certain
improvements should be made in the experimental tachniques. These are in the
N0 supply, pump oil vapor contamination, and the techmique for taking probe

curves. The most important item requiring improvement is the contaminated NO
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supplied by the manufacturer. Further purification of the N0 to reduce the N,O
concentration i{s mandatory before a desired type of plasms can be produced and
meaningful measurements made therein, Prefersbly, a manufacturing process should
be employed which does not give rise to N,0 or S0;, such as the process used in
tha production of the first sample of ND,

In addition to an improved NO supply, trapping should be installed in the
mechanfcal pump line. Finelly, s fast sveep technique should be employed in
taking probe curves in order to prevent perturbations due to slow changes of the

probe surfaces which take place as a function of the probe voltage.
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APPENDIX A

PROBE THEORY

Al. INTRODUCTION

In this Appendix, theoretical relations are presented for the current~voltage
characteristics of the types of probes employed in the measurement program. Thus,
cylindrical probes are considered exclusively. An attempt has been made to extend
the usual probe theory to a wider variety of conditions and situations than normale-
ly considered. This includes the effect of collisions, negative ions, and a non-

Maxwellian distribution of electron velocities.
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A2. DOUBLE PROBE THEORY

A generalized theory for the double probe that will cover all of the con~
ditions encountered experimentally is needed. To obtain the basis for such a
theory, consider the basic double-probe circuit shown in Fig. Al. The probe
system is isolated; thus, probes 1 and 2 are at some notential, ~V; and -V,,
respectively, with respect to the plasma. Potential V. accounts for contact
potentials and a possible difference in potential between the plasma immediately
surrounding the two probes; Vq is the potential applied between the probes. Probe
1 has a positive ion current, ipis and an electron current, 1ey» flowing to it
from the plasma. Simflarly, a positive ion current, ipe, and an electron current,
i1e3, flow to probe 2. Then, with the sign convention indicated in Fig. Al,

1d = ipy ~ie; = ieg =~ipy (A1)
Vg = Vy + Ve =V,. (A2)
It is implicitly assumed here that the probes are sufficiently far apart to
prevent their sheaths from overlapping.

A relationship between the observed I~V characteristic of the probes and the
plasma propertiesmia needed for the conditions of interest. This requires the
development of relationships for 1#,, ips, ié,, and iey in terms of V4 and the
plasma properties. Substitution of these relationships into (Al) and (A2) then
will allaw'plasma densities and temperatures to be determined from the observed
probe I-V characteristics. However, these relationships are dependent on a number
of parametérs ind conditions of the pl;sma; Thus it will bevnecessary to comnsider’
separately the various factors which influence the results.

A2.1 Maxwellian Velocity Distribution and NO Negative Jons

The theory is considerably simplified if the plasma consists solely of
electrons and positive ions, each of which has a Maxwellian distribution of

velocities. Using the term "ion" to denote a (singly) charged particle of either
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species, the random jon current density in a field-free region then is siven by

r27] |
;= L =
fo=7 NVe e'LEz'rrm n (a3)

vhere, for a particular species, n is the ion density, V is the average velocity,
e 1is the charge, m 18 the mass, and T is the temperature in °K. Langmuir and
Mott=-Smith (ILMS) [~27] » [28] further show that, in a retarding field where the
potential is V, the random current density is
) -e
4=t *xr (A4Y
(Note that for elactrons, for which e is negative, a negative potential V is
required for a retarding ficld; coaversely, for positive charges a positive
poten}:ial is required for retardation.) The fon current to a body charged to a
retarding potential then is
i=A g (5)
vhere A is the surface srea of the body, and J is given by (A4).
Froa (A3), the random electron current demsity is greater than the random

positive ion current demsity by the factor

vhere the subscripts e an P refer to eleectrons andvpositive ions, respectively.
Thus, from (A4) and (A6), an isolated body in a plasma will become sufficiently
negatively charged to floating potential, Vg, with respect to the pl_.asma te reduce
the random electron current to a v;lue equal to the random‘ion current, by forming
a positive ion sheath about the body. Hence, if V4 = O, the electrodes sre at
potentials -V, and Vg, respectively, with respect to the plasma.

To find the magnitude of floating potential Vg, it is noted that the floating

potential represents an attractive field for the positive ions. 1Its presence will

increase the random ion current by some factor, £, over the value, Ajop, for the
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random ion current to the body without the field. The factor, £, in general, will
be a function of the potentisl Vg, its relative range a/r (wvhere a is the sheath
radius and r the probe radius), and the fon temperature, Tp. Thus, the random
ion current in an attractive field to &8 body at potential V with respect to its
surroundings s

in = for AR(BF VT, )
Equating electron and ion currents as given by (A3), (A4), (AS), and (A7) gives

Ve = LKTe/2e] Zn {(meTe/meTe }F7 (a8)
Since £, in general, is a function of Vg, (A8), in general, i{s & transcendental
equation for Vg, However, if the body 1s a plane surface, or if a/r is sufficiently
close to wnity, f = 1 and (A8) reduces to the usual simple expresqion for vg.
(A3), (A4), (AS), and (A7) give the desired expressions for 1!’1’ ip,, ie,,
and 1,,, if neither Vy or V, becomes nagative. In this case, combining (Al), (A3),

(a4), (AS), and (A7) gives

. , -n
4= fon, ARip=joe, A€ 49
and
A= 7,'092 Azc'”le- th Azfsp (A10)
vhere
h=¢Vv (a11)
e
¢ = T:.F . (Al12)

If £ is an increasing function of V, and if Vy (or Vp) is sufficiently large,

the electron current to that electrode becomes small enough that it may be

neglected relative to the ion current and
44 Jon Afp 5 Vi |Ve | (A13)
Ay == fop Arfir, Vidl\a a14)
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These are the desired general equations for the behavior of the I~V characteristic
in the saturation regious.

The behavior of V, for saturation current to prode 1 and the behavior of
Vy for saturation current to probe 2 will now be investigated. For saturation

current to probe 1, (A13) and (A10) are combined with the result:

oxe[-026%21=(for, /e, ) P2r +(A/AY jorlfoe Yir 5 WP |Vel . ats)
Similarly, for saturation current to probe 2, (Al4) and (A9) are combined:

exe[-4,ev] =(f.°f’: [$oe )eu+(A2/ Ao, [ oe, ) P20 » Va2 Ve ], (a16)

From (Al5) and (A2), 1if f;p and £, are slowly varying functions of V, and V,,
then for saturation current to probe 1, Vs 1s a constant to terms of first order
for a small range of variation of Vy, and V, is & linear function of V4. For
large enough Vg4, Vy 18 essentially equal to V4. Similarly, for saturation current
to probe 2, V, i{s a constant to terms of first order for a small range of variation
of Vp, V3 is a linear fmcti.o_n of Vg, and for large eqough Vd, V3 is essentially
equal to V4. Further, examination of (Al5) shows that, if the properties of the
Plasma in the regions of the two probes are similar, and if f;p and f,p are nearly
unity,* then A,/A; must be greater than 40 (235 for NO) for V; to become negative
(probe 2 positive with respect to the plasms). If A, = Ay, the ratio of the
Plasma densities at the two probes must be 40 or more for Vs to become negative
(probe 1 positive with respect to the plasma). Since, in a double probe, Ay is
of the same order of magnitude as 43, and the densities at the ptobei generally
are about the same, neither of the probes should go positive with respect to the
plasma,

To proceed farther, it is neceseary to investigate the nature of the function

£.

*

Ao investigation of the detailed nature of f shows that it will indeed lie
between 1 and 10 for most cases of interest.
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The cheory of double probes developed by Johnson and Malter (JM) [16], the
inventors of this type of probe, assumes that the probe current in the saturation
regions of the I-V characteristic is space charge limited, and that all ions
crossing the sheath are captured. Thus, the saturation current i{s independent

of probe voltage and equal to the random ion current density in the plasma
multiplied by the sheath area. This is equivalent to assuming that a/r ~ 1, where
a 1is the sheath radfus and r is the probe radius.

When the plasma is weakly fonized (the case of interest in the present pro-
gram), it is not necessarily true that a/r ~ 1. 1In fact, genmerally a/r > 1, and
some fons crossing the sheath in an attractive field are not captured by the probe
[27, 28]. Many ions undergo hyperbolic orbits if their impact parameter, s,
and/or their energy is large enough. This situation is depicted in Fig. A2.
Purther, in this situation three conditions may be distinguished:

1) A>»a
2) A,~a
3 AKa

where Ap {s the mean free path of the positive fons in the sheath.

A2.1.1 No Collisicns in the Sheath (Ap >> a)

?or no collisions in the sheath, IMS integrate over the momentums

that allow particles to have orbits that result in capture. They find for a

cylinder:
o (Bert () e [-ert (/75)]
vhere
E=[r*/A@'-r)]p=sF", (a18)
pr8=[ayca-r’)]n=A"), (A19)
s=r/a, (A20)
p=[i-(ra)*17", - az1)
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y =2 (% ¥
erf(x) Vi Se dy

= ﬁ;—:‘- S o M(zw)

Although IMS have investigated the behavior of (Al7) under various limiting con-

(A22)

ditions, it is necessary to reproduce much of their work to obtain needed expressions.
There are two limiting cases of (Al7)., These are:
1) a/r~1,
2) al/r >»>1,

When a/r ~ 1, § &8 large, and LMS show that for large 1|
£ — —%— -»)

A=At Alo
vhere Ag is the surface area of the sheath. Then, except for second order sheath
growth effects, ip, and lp. are sensibly constant and the double probe theory of

JM applies.
When a/r >> 1, the following procedure may be usad: The asyaptotic expansion

of erf(x) for large =x is

[‘e"‘o‘)] ( 2% )Z 0" J:T’;?:—(ax‘)"‘ (A23)

vhere s 4+ 1 is the number of useful terms in the asymptotic expansion. The
asymptotic expansion of (A23) is good to 107 for X = 2 andbﬂ., for X = 2.5.

Substitution of the series axpansion (A22) for erf/£ and the asymptotic

expansion (A23) for loerﬂﬁi 4+ € into (Al7) then gives

=fe N Y@y /ol i neo( i Y (280 e oll2e ) YT}, cazey
For a/r >> 1, f.e. &® = 0(10°2), and @ = O(T™?), vhich imply that T"® << 1,
©@1)® = 0(®), and B = 1, (A24) reduces to

£ p /T {1437~ SN r0[x?]} (a25)
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which {s the fundemental result for the limiting case at hand.

It is now noted that the first three terms in { ] {n (A25) are identical
with the first three terms of the expansion of /1 + z with x = (1/T) = (r/a®1.
Thus, for 1T sufficiently large that terms of order T2 may be neglected, and
1f (r/a)® is emall enough that terms of order [(r/a)*7]® may be neglected, then

(A25) reduces to

- - 2.2 L
€=fe fren-3— (50, 428

This ie the same as (32) in ILMS. At this point LMS assume that the term involving
(r/a)®1? may be neglected with respect to (1 + M) 1£ (a/r)® is sufficiently large.
However, as will be seen, this leads to an erroneous result in some important
cifcumtances.

Instead, it i{s noted that there exist thres possiﬁle and fundamentally
different cases for (A26) as a result of the fact that the sheath dimensions may
be voltage dependent. These are:

1) (r/a) independent of T: then sheath dimensions are voltage
independent.

2) r/a) = T2; then (r/a)®1® = constant.

3)  (r/a) = T%; then (r/a)°1? = constant 1.

A2.1.1.1 (x/a) Independent of T

For (r/a) independent of 7}, the arguments of LMS are

valid. If (a/r) is sufficiently large, (A26) reduces to
’]l.arge

{::(fﬁ")J 1] ;4 (vafn?«p (A27}

(P/a) Independent of )
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Ingerting (A27) into (A13) and (Al4),

Ag= fop, M(T ) To0, (825
"i'd = .-}opaAz(Z,"ffr—)/ ! rqu . (A29)
These both have the form
A, : = B+SY¥
vhere,
S22 (440 for . £ YCTHTy, ) (239
. .2 .
B.a=44op,, Ava /T (431

Over some portion of the saturation regious, plots of the squere of the observad
current against the potentisl (V; or V,) relative to the plasme are straight lives,
wvith slopes S, and S,, respectively, as given by (A30). The intercepts of these

straight lines with the V axis occur at

! / - :
Vip=={ /¢Pe,;)z ‘TP:,Z/ 1.600 yoits (a31)

Making use of (A3) and solviﬁg (A30) for np;,y gives

IT 55,2 - & : .
”P:,zz V2e/mp A e =3.32x10°(V 54, /A) Vmp[mg (A2

where /S {g expressed in ampevolt™¥.

| But, it is V4, and not V; or ¥y, wvhich is kmwnr However, since, from {A27),
£ is s rather slowly varying function of 1], and hence of V; or V,, ths eariier
argument that V, is & constant (with value Vag): to first order. for asturation of
probe 1 is valid. Thus,

Vi = (Va5 ~Ve) + Vg (saturation of probe 1) ]
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Vg = (Vyg ¥+ Ve) = V4 (saturation to probe 2)

Hence, where the quantitfes in parantheses may be regarded as constants, to first
order in the saturation regions, 14° vs. Vg ylelds straight lines with the same
slopes as plots of 14® vs. \/ 'or Vo. The inmrcef:c: of the 14° vs. Vg plots,
however, will be shifted to

VA,.,_ = =(V/ ¢P.,;)""Vc Vo, @35)

Since V;, and V54 are not known, the ion temperature cannot be found from the
intercepts (in contrast to the situatiorn of IMS). However, if the fon densities
and temperatures are the same in the regions near both of the probes, V;g = V;5
and the contact potential, Vo, can be fomxd by adding V4, and Viy in (A35).

1t should be noted that each intercert occurs on the opposite side of the
ig® axis from the saturation reglon whose rlope is being extrapolated.

A2.1.1.2 (r/a) =T
Por (r/a) = 1%,
2/3 (r/a)®>TP = ¢

so that (A26) becomes
£ =(2//m) <oy (a36)

Inserting (A36) into (Al3) and (Al4),

Ay = for, A, (2/ITYVT=C vy, (A37)
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Over some portion of the saturation regions, plots of the square of the observed
current, id, against the potentisls V; and V,, are straight lines with slopes S;
and S, given by (A30). Similarily, the ion denaities are given by (A33). Uowever,

the intercepts of these straight lines with the V axis now occur at

V2 =(Ca=1)/%,, » (439

or, in terms of V4, at

R O L LA A (403

If the counstants C; and C; are positive and sufficiently large, the intercepts
are on the same side of the 1413 axis as the saturation portiou of the curve. This
is very different from the behavior of case 1 treated in A2.1.1.1. This feature,
which has been noted in experimental data, Iud_a to consideration of the present
case 2. A typieal curve will be presented end discussed at a later point.

The effect of the assumed dependence of (r/a) en 1 on the approximations
leading to (A26) need to be investigated to insure that the approximations are
not {nvalidated. It is found that a3 long as (3/2) C = 0(1), the epproximations
leading to (A25) and (A26), and thence to (36) are valid and consistent.

A2.1.1.3 (r/a) « T]"’*j

For (r/a) < 'ﬂ"k,
(2/3) (x/a)*7° = FY)
80 that (A26) becomes

£=(2/I7) /TR . (a1

Inserting (A41) into (A13) and (Al4),

Ay= fon, A2/ NIRRT, , ¥ 2V, (462>
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and

4= for, AL2/m ) =Ry, PV, (4433

Again, as in case 1, over some portion of the saturation regions plots of the
square of the observed current, i4, against the potential, V, or V5, will be

straight lines. The slopes S; and S,, however, are now given by

Sz =#45e, , Aua (1-FL2 )/ (hs

and the intercepts with the V axis now at

V2 = ‘I/E(" F;,z) ¢F.,J . (a45)

Since the arguments leading to (A34) and {A35) are still valid, the intercepts of

i .
S T (A6
M F TR e, e Vi ‘

If Fy,5 > 1, then the intercepts could also occur on the same side of the i =
axis as the saturation region (as for case 2). Howaver, from (A4%) it is clear
that (A33) no longer gives the ion densities.

A2.1.1.4 Dependence of Sheath Size cn Potential

The pext problem to be investigated is the possible
dependence of sheath eize on potential. From WMS, to soms undefined approximation,
the space charge limited current for a cylindrical ciode, including the effect of

initial velocities, is

3
L= 2la [e i (467}
9 m rg
where
A 2.66 e
V== (607
r“-‘q )
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B=Y-0.4Y*+0.049167Y*~0.0i424Yv*+0.0c168Y 5. ..y (4495

Y=4n (r/a). (A503

When 1 1is sufficiently large (large V or low temperature), v~ 1 and is a
slowly varying function of V. Por a/r >> 1, Langmuir and Blodgett [29] have
shown that

rd . 3“0 -
ﬁza +.6 7!2{'3/:*)[!03‘0(&#}-0.;505] <. (a51;

(451) is good to 1% if a/r = 10, and to 0,017 1f a/r = 80. The term in square
brackets in (A51) is a slovly varying function of a/r for large a/r, so that, for

large V and a/r, the saturstion current, to terms of first order in a/r and vV, is

4=2LE feTm g R 0 [eomsr(ary (452;

lowever, the current to the probe i{s space charge linited, vhere a, instesd of
being the cathcde radius, is now the sheath rﬁdius. Hence, the current as
determined by the orbital limited theory must be equal to that given by (A52).

Por all the preceding eases, for Tp sufficiently large, i = kﬁ];, and thus from
(A52), (A/r) = Tp (case 2). Thus from (A24) and (A52) fer Tp and a/r suificiently

large,
for A2 /P )= BLE [e]m, ¢ 2t e/ [conse (/)]
-% eas
a/r=[log (a/r)-0i505] = = (4533
(B (1em) BTme oo A 60 r T,
=V iy,




vhere the term on the right-hand side involving a/r is sensibly constant for small
variations in a/r, and hence, limited variations ef Tip. Thus, it has been shown
that for a limited variaticn of Tps 5° 20(10°%) 2nd s = O(Tlpl), a/r « Tp-

On the other hand, Shultz and Brown (SB [30] have shown that over & wider
range, when (A53) 18 combined with (A17), (Al13) and (A14)

o.55 , o8

. CASAY
APV, o (AS4}

A2.1.1.5 Ccmparisgon with Experimental Data

A plot of idz vs. V4 for a double probe measurement made
in the bell jar (described in Sec. 3.2.2.2.2) is showm n Fig. A3. It is seen
that over a reasonable range of Vg, i4° vs. V4 is a straight line, and that the
intercepts occur on the same side of the ig 2 axis as the saturaticn region, as
expected 1f (a/r) = Tip. The electron densities obtained by applying (A33) to
the data of Sec. 3.2.2.2.2 are in reasonsble agreement with expected densities,
as pointed out there.

A2.1.2 The Effect of Collicions in the Shecath

A2,1,2.1 The Sheath Edge and the Effcet of a Nat Pield

In the theoretical treatment given above, it has been
assumed that the probe-plasma gystem ig made up of two well defined regions, the
plasma and the sheath. It was further implicitly assumed that in the plasms Rp = ug
and that there were no net electric fields, while in the sheath it was azsumed that
no collisions occurred and that Op >> ng, so that the Langmuir-Child space charge
law could be applied. In practice, there must be a tranaition region between the
plasma and the edge of the sheath where np ; ne but uvbere there exists a net field.
This net field will impart a drift velocity co the pusitive ions, and thisg drift
velocity can be of the order of or greater than the random ion veloetity. If this

is the case, this drifec veloeity and the corresponding increase in particle current

across the sheath edge must be taken into account.
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This problem has been treated by Shult:z and Brown [30] and in more detail
by Boyd [31] and Allen,vBoyd and Reynolds [32], as well Qs others. Thase treate
ments show that the drift velocity resuits in an incresse of the positive ion
current, and that this current becomes strongly dependent on the electron
temperature. ’

Further, these treatments show that if there is a sufficient number of
collisions in the transition region, then the drift velocity imparced by the
electric fields in the tramsition region will be sm2ll enocugh compared ¢o the
ion thermal velocity that it can be neglected. Since the transition region Bay
be several ;heath thicknesses in size, it follows that if there are many collisioas
in the sheath there will be enough coilisions in the transition region to severely
limit the drift velocity, so that the sheath edge affect can be neglected. Simi-
larly, 1f there is more than one collision in the sheath, cne would expect thet
the effect can also bé neglected. However, between an fon mean free path of &
few sheath thicknesses ané one collision in the‘aheath the sheath edge effect
will become important.

In this section the functional dependenze of ig on Vg is investigated vhen
collisions occur in the zheath. First the case of wany collisions, gnd then the
cagse of a few collisions in the sheath is zreated.

A2.1.2.2 Many Collisions (kp << a)

The case where Ap << a, and hence where there are many
(nonionizing) collisions in the sheath, corresponds to relatively high gas pressures,
so that the fon welocity is contrelled by mnbility. Thia case has been treated by
Schultz and Brown (SB) [30] for moderate fie.ds where the mobliity is constany, 8o

that the drifc velocity, wd, is given by

/\”,; ‘/l P( E/v) (ASS}

204



vhere E {8 the electric field and bp is the positive ion mobility. SB then

ocbtain for the positive ion saturation region

- '572 <
iy v’ (A56)

*

For values of E/p larger than a certain limit, the mobility as defined by
(A55) no longer remains constant. The limiting value of E/p beyond which (A55)
no longer holds depends on the particular ion and the neutral gas with which it

collides. To illustrate the effect of an altered mobility at high fields, the

given by von Engel {7, p. 100], namely,

Var CPCE/'P)&. (457

The SB derivation is then modified by replacing (AS55) by (A57). The relaticn

obtained between V and ig then is

Vekal P gk (vt f e ) - Lo B 438
vhere
%\53
w=(1-a*)

and, &3 before,

I~V relation in strong fields will be given for the drift velocity relationship
|
|

a=rfa

For very small o (1.e., a thick sheath) (A58) reduces to

% | :
V=kat A, [.253-F1oga’] (A59)

For very small @, the tem ic { } in (A59) i3 sensibly constant for small variations
in o so that (A59) is of the form

Veea™ &)

(A60)
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But the random ion current is also proportional to the sheath area, so that

iy o< a-t - (A51)
The combination of (A60) and (A61) leads to

Ay o VO (A62)

This £8 the high field equivalent of (A56). The wvoltage dependence of the probe
fon current, for thick sheaths, thus is virtually the same at low and high fields.

A2,1.2.3 A Pew Collisions (12 ~ az

This is the case of one to ten collisions in the sgheath.

For this case, SB [30] have shown that for the orbital limited case

0.63 /7 0424

A g =0 f',, v N (A63)
where
k . 2 ‘;’2- .
N=(e/€°) Mp 4e T (KTP) (A64)
Thus
Ayee voes (A65)

For one collision in the sheath, jp is the ion current at the sheath edge; for

2 to 10 collisions in the sheath

Fo=(4os /a)[3- exe(-5P) / Cl+sp) (A66)

vhere jop is the random ion current at the sheath edge and

S= \)J:/p (A67)

where v¢ is the collision frequency for positive ions, ¢t the time spent by an

unscattered ion in the sheath, and p the neutrali gas pressure.
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A2.1.3 Determination of Electron Temperature
One approach (the equivalent resistance method) [16] used in
determining the electron temperature distribution vhen r/a ~ 1 is to equate
(A9) and (Al0), with the result
. e N 2" e 1
2:“'l’ ='ZfOPKAr\ﬁm =' AI ?’oe' ¢ +__AZ_ éoez_e

Or, ‘.f ¢l = %,

T dp=dy, ( 1+ o€ ) (A68)
or
de,=(1+oe®9) T4, (469)
where
o ] A :
o =(As $oe, /Az j’oez)e <- | (A70)

Since a/r ~ 1,Z ip is essentially a constant, so that (A68) may be differentiated

with respect to V4 to yield

[d lez/é\ﬁ]\azf ¢ ip [5'/(6’-1-!)2] (AT1)

But an examination of (Al0) shows that in this case [diee/dVg] = [dig/dVg]. Using

this fact and solving (A71) for T., we have

Te=1ll, Goo[cs‘/(l i-o')z] Z‘L&/vd-;o I:d\/‘:l /d,(ﬂvazo (A72)

Hence, the steeper the probe I~V charscteristic at the origin, the lower the
temperature.

This approach will also work even vhen Iij is not a constant, provided only
that i,, and ipy vary slowly compared to igg or ile;, vhich, for a Maxwellien

distribution, is generally the case even if a >> r. However, it is neceseary to
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obtain the quantity Zip evaluated at Vp = O. To do this, it is necessary to make
use of (A7), (A8), (Al7), and (AS53) along with the experimental data in the

saturation region, in an iterative process, to extrapolate back to Vp = 0.

A2,2 RNegative Ions
The direct effect of the presence of negative ions on the probe theory

is twofold. Pirst, it can have some effect upon the value of the positive fon
current arriving at the sheath edge by changing the charge distribution in the
traneition region. Second, their presence can have a msjor effect upon the foram
of the negative charge current contribution to the probe current, and hence upon
any negative particle temperature derived from the probe curves. It is these
latter effects which will be examined here.

With negative ions present, ie, and iy in (Al) are replaced by iny + ig; and
ing + 1gp, respectively. Further, under conditions of a neutral plasma, Np = o + Ne.
The in, by the same arguments as given in Sect. A2.1, will have, for a Maxwellian
distribution, the s§m functional form as the 1.'s. Thus,

~eV/kT,

in=Jon Ae (A73)

vhere jon, is given by (A3). Hence

j,n"'ie""-e {! + /me-rnl«nn‘re\nn/ne C'XP["‘C;:‘/ (T:'Te_')]} (A74)

Several important conclusiocns may be drawn from (A74). Pirst, for V =0,
the relative importance of negative icas compared to electrous is given by the

factor

VmeT, [CmaTe) Ny fng

By virtue of the large value of ./anTe/meTn (~ 30021000 for N0, for example),

negative ions will have an appreciable effect (st V = 0) only {f np/ne is large
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enough to equal or overweigh this factor. Thus, at eV = 0 as well as eV < 0

(i.e., retarding field), the effect of negative i.bns is spprecisble only if

=, /ne /M Te fmeTn) =R, (475)

Seoond, even for p > p,, the effect of negative ions in the saturation region
(|vilarge) will be negligible under the usual conditions where Te >> Ta.

It 18 clear from the above considerations, therefore, that a relatively large
concentration of negative ions (p > Po) will affect the probe I-V characteristic
chiefly near the origin.

The above qualitative deductions will be made more quantitative by considering
two specific specisl cases.

(a) op ~ng ~ imnp. This corresponds to a reasonably large number of
negative ions, but still the second term in the braces of (A74) can be neglected.
Then, if the plasma properties are the same at both probes and if ip varies slowly
compared to 1 8t V4 = O, the slope of the I~V characteristic at Vg = 0 i._s the
same as if no negative ions were present. Thus, the equivalent resistance method
for evaluating electron temperature is not affected under these conditicne.

However, the floating potential is decreased. For example, for NO foms, if
Tp =T = 300° K, Te = 3000° K, going from no negative fons to np/ng = 10 drops
Ve by a factor of about 2 from 1.18 volts to 0.655 volt. This latter value of A
starts to call into question the agsumption that ap >> 1, which makes valid by
(A26) the assumption that ip varies slowly compared to ia at V4 = O in the orbital
limited ease.

The situation is much worse for lowver temperatures; for example, for fp = ng,
o =0, and Te = 300° K, V¢ ~ .11 volt and np no longer is >> 1, Hence in this
case the equivalent resistance method is not applicable even with neo negative ions

present. Of course, with negative ions present, V¢ is even smaller.
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As a result of the depression of the floating potentisl by negative ions,
borderline situaticns whare, in the absence of negative ions, the equivalent
registance method is just applicable may be changed by the presence of nregative
ions so that it no longer is possible to use the equivalent reeistance method.

() p > p,. In this case the electrons e=n be neglected, since, by
assumption, their contribution to the negative particle current to the probe is
small. Now, if the negative and positive fcns have the same mass and temperature,
and V§ = 0, there is no sheath at Vg = 0, and one or the other of the probes will
be positive with respect to the plasma for Vg 7 0. It follows that all of the
theory given above becomes totally useless anywhere mear the origin. One further
is forced to solve the Boltzman equation simultaneously with Poisson's equation
te determine the Y=V characteristic in the non-satoration region, since in this
region the sheath criterfon that np >> pp camnot be satisfied with the negative
icns the dominant negative charge. In the saturation region, ﬁowever, vhere
ig = ip, op >> np in the gheath, the soclutions will be the same &g for mo negative
icns,

A2.3 Non-Maxwellian Electron Fmergy Distribution

The preeence of a non~Maxwellian electron energy distribution will have
8 considerable effect on the shape of the double probe I=V curves between the
sgturation regions. In what follows, & number of examples of nen-Maxwellian
eiectron distributions and their effects on the double probe I=V characteristics
are considered. The energy distribution of positive and negative ions will seill
bz assumed to bs Maxwellizm, however. The derivations given e;i'e only strietly
valid for plapar sheaths. Illowever, it has been assumed (23 was dome impiicitly
for (4%4)) that they are directly appliceble to cylindrical probes by using the

¢ylindrical probe area in plece of the planar zrea.
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A2.3.1 Moncenerpetic Isotropic Distribution

We first consider the case of a monoenergetic isotropic
electron velocity distribution. In this case, only those electrons with approach
velocities great emough to overcome the potential increase across the sheath can

penetrate to the probe. Thus, the current drawn by the probe will be

, ) 0 0 o0

dg=Ancc(4mng) f 5 Sfu'z B4 ) dw dny davy, (A76)
o= Jeeygm °

Changing to polar coordinates, (A76) comes

p= Cos"-k ‘I 2ev/m

RV
ie=-nee(2a) 'g S w28 (nr-ng)cos ¢ d(tos @) dnr

Carrying out the remaining integrations ylelds the result

- >
Ae ={}4Ane ey [1-(ev/e)]  E,Zev (A77)
o E,<ev
where
. |
E= L mud- (A78)

There aré a number of points to be noted about the delta function energy
distribution. Pirst, according to (A77) the electron current varies linearly
with potential across the sheath. Second, electron current becomes zero for
sheath potentizls greater than E,/e. Next, the random electron current (i.e.,
at Vq = 0) is that of a Maxwellian distribution with V = v,. The double probe

curve for this situation is shown in Pig. A4.
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The floating potential is now given by

Ve =(E./e) [ 1-[VEFT Jmefme VKT /Eo (n,/ne)f]} €A79)

which, for np/ng X 10 and kTp << E, becomes (since £ = ¢ To)

Vi 2(Eo/e) {1~ [o]T Imefm, (ng fne)( ED/KTP)”J‘} (ABO}

Thus for np/ne < 10, kTp < By, Vg 2 Egle = Vo within a few percent.
Finally, carrying out arguments similar to those used in discussing the case of
negative ions with ng 2 O.1lnp, one can show that, if the prebes are symmetrical

and the plasma properties are the same at the two probes,
. - i <
diy /dv, lvpo"““ (e/e.) % (A81)
where

Loe= % na eag (A82)




This is a factor of exp{eVg/kTe] greater than for a Maxwellian discribution of
temperature Te = /4 B,/k, where here Vi is the floating potential for a Maxwellian
distribution. Thus the application of the equivalent resistance method, e.g. (A72)
would yield a lower value of temperature than that equivalent to the actual mean
energy E; of the delta function distribution.
A2.3.2 Rectangular Isotropic Energy Distribution
Next we consider a rectangular isotropic energy distribution;

that {s, the electrons have equal probability of having any energy between E,

and E,:
(S o% E<E,
f(E)=48 E,%ESE, (A83)
o} E<E

Applying the normalization condition that fgf(z)dn s 1, it follows {mmediately
o

that
- ~}
B=E"(1-Y) (AB4)
where
Y =E,/E, S| - (485)

The corresponding velocity distribution £ (;) is

o oRA-<N
F(WP)={ mee/aTar  ap=a- S (aB6)
© V<

vhere the vk's are the velocities associated with the corresponding energies.
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Calculation of the electron current arriving at a probe at repelling potential V
with respeet to the plasma by integrating over all those electrons with directed

energies greater than the potential hill, yields the result

fre A fi-3(ev/ed[ (=¥ /- ]} OLV<Efe  (8D)
ia= 2 Jre A(-VEY {1-3evie)[-(% ev/s,)"f]} EfeSVLE fe  (488)

o E/e<Vv (A89)

vhere jre is the random electron current for the distribution (A83), and is given

by

#re=%neF=(£n '-"V?){[ -v3]/G-v)] - (490)

Here V is the average electron gpeed for the distributiou (AB3) and is given by

77 = (4 fO)[(I-Y ¥/ Ci- Y] (a91)

From (A87), (A88) and (A89), one notes that the electron current decresses
linearly with sheath potential until ey = Ey/e = V,; then, as will be exhibited
more clearly below, it varies with a slope vhich decreases in magnitude with
increasing sheath potential until V= E,/e = ¥, at vhich point the electron
current ig gzero.

The floating potential V¢ < v, is given by

3 . . ;
Ve =(E,/3e)( legf)/(l—Y‘)]D-(';@P/%re)F] ¢492)
and, therefore, is equal to E,/ec vhen y (the distribution width parameter)
satisfies the cubic in '{g

(36~1Y¥D’-36(¥%* ri=0 (493)
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wvhere

G=[1 ~Chorlfre)f] (a94)

The value Y, of the width parameter Yy vwhich satisfies (A93) i{s the dividing
line between two different cases with different probe curves.

Differentiation of (A87), (A88) and (A89) now ylelds

’(3}'r¢ A/El)[(‘ ‘Y%)/(I‘Y%)] V< Eo/e (495)
(die [dv)= GreAE n)(“\'?i)-‘ [-r(evy E,\%'] EJJe<V<E, fe (A96)
© E/e<V (497)

(A95), (A96) and (A97) illustrate clearly the point, previously made, that the
slope of the 1=V curve is constant up to V = E,/e, and then decreases momotonically
to zero at V = E,/e. Further, since jre < ﬁ; , dio/dV ia proportional to (Ex)”%.
Thus, if a/r ~ 1, so that the poasitive ion current may be assumed constant, the
double probe 1=V curves for & rectangular energy distribution have the shapes shoun
in Fig. ASa, b, depending on whether Y € y , respectively. The case where a/r >> 1,
so that the positive ion current may not be sensibly constant compared to the
electron current variation, will result in greater slopes, particularly near the
origin,

A2.3.3 Two-Peak Distribution

An even more interesting situation is that depicted in FPig. AS5a,
This is a distribution having two emergy peaks, which may be a fair representation
of the situation actuslly exigting in both the chamber and, perhaps, the fonosphere.
Normally, the mumber of electrons in the higher energy hump will represent a small
fraction of the random electyon current. However, it is this tail vhich is sampled

by the double probe, and any change from & Maxwellian electron distribution could
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have a pronounced effect upon the double probe curve fn the region between the
saturation regions.

To illustrate this point more clearly, econsider the idealized situation of
FPig. A6b. Further, assume that at Vg = 0 the electron current to the probe due
to the higher energy peak when Vy = Vg i{s just equal to the positive ifon current
to the probe, where eVf is greater than E, but less than ¥ E;. Then, initislly,
AVy = «Vy = Vp/2 so that the {4-Vq curve has an initial slope one-balf that given
by (A95). However, once Vg is large enough that V; is significantly less than
Es/e, it will take ounly a small changs in V; to compensate for any change in fey>
so that AV, becomes proportional to V3g. Hence the i3-V4 curve now has twice the
slope it had initially. The resultant double probe I~V curve is shown in Fig. A7
for the case a/r ~ 1, so that i, is sensibly constant. This curve is similar in
character to those observed experimentally in the chamber with the contaminated
NO, as discussed in Sec. 3.3.3.7.3. Thus it has been demonstrated that a non-
Maxwellian distribution of two distinct energy groups will give rise to the type
of I-V curves observed. The actual distribution clesrly is more complicated than
the idealized ome used hers. In particular, the upper energy group must have a
mare complicated shape, since the slope ratio is more than 2:1. In fact, the
second segment definitely 1{s not a straight line.

A2.4 BHighly Asymmetrical Double Probes

1f the double probe is made highly asymmetrical (Ay/A; > 40 for H and

235 for M), then the smaller probe (no. 1) can be driven positive with respect
to the plasma. We then have essentially a Langmuir probe. For the probe (no. 1
sader our assumption Ay /A, > 40) which is positive with respect to the plasma,
the roles of electrons and positive ions»are interchanged. That is, the positive
ions are now in a2 repelling field, and the electrons are in an attractive field.

Thas the positive fon current now is given by (A4) and (AS5), and the electron
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current by (A7), with the subscript p replaced by e. Similarly, the expressions
for f are those for the positive fons with the subscripts p replaced by e. The
various conditions anszlogously become:

1) Ae>>a

2) Ae<Xa

3) Ae~a
Finally, it follows that there exists an electron saturation region (provided
Ay /A, >> 40, 235 for ND) whose log-log plot will have different slopes according
to which of 1), 2), or 3) are valid. Clearly, the Gerdian condenser is only an

asymnetric double probe.
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A3, SUMMARY AND CONCIUSIONS
1t has been shown that the I-V characteristic of a double probe consists of
three regions:
1) 1ion saturation to probe 1 Vo > 0
2) a transition region V,~0

P
3) 1ion saturation to probe 2 Vp << 0

In the ion saturation regions, the electron current to the probe that is
saturated is essentially zero, so that the circuit current is equal to the ion
sgturation current. In this saturation region, it follows that the circuit
current is a function of the positive ion temperature, the positive ion density,
the ratic a/r, and the applied voltage V4. The functional form of the dependeace
on V4, in turn, is dependent on whether there are no, a few, or many collisions in
the sheath, and on the value of a/r.

On the other hand, if electrons comprise 10% or more of the negative particles
and are Maxwellian distributed, the current in the regiom between the saturation
regions is an exponential function of voltage, with a slope (of a log-lineaer plot}
at the origin which 1s dependent on the electron temperature. If the probes are
reasonably symmetrical, only those electrons (the tail of the distribution) with
energies greater than the floating potential will be sampled. Finally, the effect
of negative ions for n, < 10n, has been shown to be primerily a slight decrease in
the minimum energy of the electrons sampled, without much effect on the electron
temperature as determined by the equivalent resistance method. Omn the other hand,
if ny > 10ne the presence of the negative ions has a significant effect on the
transition region and the theory becomes extremely complicated.

Next, it has been shown that any deviation from & Mezwellian distribution ic
the tail of the distribution can have a strong zffect upon the functional form of

the transition region. For example, a delts function or rectangular energy
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distribution changes the dependence from exponential to linear near the origin.
Finally, and most importantly, it has been shown that a tvo=energy=group
distribution can give a two segment tramsition region, i.c., & "kink" in the
1-V characteristic near the origin.

Finally, the Langmuir probe has been shown to be simply a highly asymmetric
double probe, and the Gerdiem condenser en asymmetric double probe. As a resuit,
the I-V characteristic of & Langmir probs consists of

1) a positive ion saturation region o < ¢
2) a transition regiom Vp ~ 0
3) an electron saturation region vp > 0

The shape of the transition region is extremely sensitive to the electron
energy distribution and, for o, > 10ne, to the presence of negative fons. The
electron saturation region (similar to the iom saturation region) is dependent on
the electron temperature, the clectrem density, the applied voltage, and whether

the electrons undergo no, a few, or many collisions in the sheath,
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THE EFFECT OF ELECTRON ATTACHMENT

In Sec. 3.2.1 a theory for plasma production by photoionization i{s worked
out and applied to the production of such a plasma in the chamber. There are
same related effects which verc not considered in that treatment vhich noxr
require examinstion in view of the nature of the experimentsgl probe curves which
were obtained. These are the effects of energy dependence of cross sections for
the various processes vhich remove free electrons, and the effects of attachment
and detachment processes on clectron energy distribution and electroa demsity.

These will nor be examined briefly.

Bl.

The magnitude and encrgy dependence of the electron removal cross sections
relative to the collision cross section can have a profound effect on the electren
energy distribution in the plasma. Por example, using age theory (see Sec. 3.2.1.6},
onc finds that it takes sbout 1P collisions to slow dowm from a birth energy of
0.75 ev to a room temperature energy of 0.025 ev, while in an attaching gas it can
take less than 10* collisions for the electron to attach. Thus, in this casc
there would be few free electrons with energy less than about 0.2 ev,

To illustrate this and several other points more forcibly, comsider the
following situation. Electrons are all born initislly at some energy E,. If
Oa >> Oc 8t Ky, where o4 is thec clectron removal cross section and o¢ the collisien
cross section, then only electrons of energy E, will be present in appreciasble
quantity, as shown in Pig. Bl(a). 1f the cross sections are independent of cpergy,
and 04 ~ 0¢, then the emergy distribution will have a narrow bell-=shaped spread

about energy E,, as illustrated in Fig. Bi(b). If og ~oc/Np (vhere Np is the
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mmber of collisions to thermalize), but {s independent of emergy, the distribution
will extend down to thermal energies, as well as upwards with a small tail. There
will be few thermal electroms and the high energy tail will have a practical

finite cutoff. These features are indicated in Pig. Bl(c). Only when gg << cc/Nt
will the energy distribution resemble the Maxwellian. However, even in this case
there will be an energy peak at Ry, as shown in Pig. Bl(d).

If 04 increases monotonically with decreasing energy, and if it reaches a
value of g4 ~ 107, /Ny for some energy B, above the thermal energy, the distribution
will be highly epithermal (i.e., above thermal), extending upward from an energy
somevhat less than E,, as in Fig. Bl(e). The energy cutoff of the distribution
will depend on how rapidly o, increases. I1f gg increases monmotonically vith
increasing energy, the high encrgy tail will be missing from the distribution,
resulting, among other effects, in 3 decrease in the floating potential. PFinaily,
if the electron removal cross section igs belleshaped and of finite width, thers
will be a hole in the distribution, so that the double~peaked character of the
basic distribution will be accentuated further. In fact, if the peak value of
Og i8 large enough and lies below K,, the distribution will became like that shom
in Fig. Bl{e).
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Electron attachment to neutral particles will give rise to megative foms.
From Pigs, 7 and 8 in Sec. 3.2.1.3, attachment should be the dominant loss mechanism
for electron densities below about 10P to 107 cu™®. The negative lon density
depends on the loss rate of negative ions due to ﬁmei.on recombination and to
photodetachment, versus the production rate due to attachment. Assuming & 3=bedy
attachment process, we have

2
ﬁbheN =Ynl’hn+°!—’o hn § (B1)

vhere fp is the 3+body attachment coefficient, N is the neutral particle density,
¥ the ion~fon recambination coefficient, Opd the microscopic photodetachment
croses section, aud ¢ the photim flux.

Por nitric oxide at 0.2 Torr, thf”ne < 43,509 {np < 1 cu™®). Por an average
photon flux in the chamber of about 10*® cmi®=sec™ and a detachment cross section
of 107° cuf, gpq Iny ~ 107° np. On the other hand, the electron=ion pair pro=
duction rate, for the same conditions, is about 10 cn™®. This implies
Dg ~ 2.3 X 10° c™®, Thus the rate of production of detached electrons camnot
exceed about 230 sec™® . This implies that the perturbation in the electron
energy distribution due to detached electrons generaliy cannot be very significant,
and that yn, < 43,5 sec™.

B2.2 Attachment vith N, 0 Present

From Scc. 3.3.3.8, N;O is the only known attaching impurity in the NO
gas vhich is present in the chamber in sufficiently significent concentration te
c&xsé a perturbation in the electron energy distribution. Now pure N,0 has a
threshold energy for dissociative attachment slightly less tham 0.3 ev [23,8],

with a peak microscopic cross scction of 8,59 X 1072 o et 2.2 ev [23]. However,
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there exist data [8)] showing that when N0 {8 mixed vwith other gases (e.g., I, or
A) the threshold energy is decreased comsiderably. However, we have not found
any data indicating the presence of a 3-body attachment process,

Using the peak value of the dissociative cross section for N,0 given above,

8 dissociative rate constant of 7.56 X 10°'°® cn® at an energy of 2.2 ev is
obtained, This 18 7.6 X 10° =tfmes the same rate constant for NO. Prom

Sec, 3.2.1.3.2, dissociative attachment dominates the 3-body recombination in
MO at 0.2 Torr. Thus, at 0.2 Torr, a concentration of C.57 of K,0 would lead

to an attachment rate 3800-times that of pure MO at 2.2 ev. From [23], the
ratio is about 100-times at 0.4 ev. Hence, since B, = 0.75 ev, the electron
concentration with 0.52 N,0 present should be in the erder of one~hundredth that
for pure NO. This {llustrates the strong effect of N0 as an attaching impurity
in NO, and its energy dependence,

Proceeding further, it is found that the ratio oghke has the values & X 107°
at 0.4 ev, 1.7 X 10°® at 0.7 ev, and increases still further with continuing
increase in energy up to 2.2 ev, at vhich point it starts to decrease. Since
from age theory it takes about 1.7 X 10F collisions to get to 0.4 av and 5.6 X i¢®
collisions to get to 0.1 ev while the above ratios of oghs. imply about 2.5 X ifF
collisions to thermalize more than 80% of the electrons will mske it emergies
less than 0.1 ev. Thus, from the discussior of Sec. Bl, one surmises that the
electron energy distribution with N,0 present consists of a thermal group of
decreased strength (but not Maxwellian in shape), & group centered on §, = 0.75 ev,
a very weak high ensrgy tail, and fewer electrons in the range between about 0.1 ev
and E, than for pure N0. This is {llustrated in Pig. BI(f).

From Sec. A2.3.4 of Appandix A, a two-peask energy distribution of this type
will give a double probe curve with a "kink" near the origin. PFurther, again from

Sce. A2,3.4, for this "kink" to exist it is additionally required that only & fouw
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(less than 0.57) of the electrons have emergies greater than a few times Eyp i£
ne 5 np/10. Thus, most of the electroms mist of mecessity be relarively “sold.

i.e., have energles less than 0.1 ev (850°K).
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B3. SUMUARY AKD CONCIISIONS
It has been shown that the magnituds of the ratio of the electron removal

croes section to the collision cross section, cghrc, relative to the inverse

of the number of collisions to thermelize, Ny *, and the energy dependence of
cafoc can have a very appreecisble effect on the electron energy distridution for
the situation of a single electrom birth energy. In particular, it has been
shown that only if ogfoe << Nyt will the distribution resemble a Maxwellian.
Next, it has been shown that photodetachment will have only a small effect on the
energy distribution.

Finally, it has been shom that the presence of K,0 as an impurity in a
concentration of 0.5% can lead to electron demsities in the order 1/100 of those
that would otherwise exist, In sddition, it has been shown that the energy
dependence of the dissociative attachment cross section of K,0, combined with
the magnitude of this cross section relative to the collision cross section in
NO, {s such as to give rise to a two-peak electron energy distribution: onec
peak at thermal energies, snd the other peak at E,, with heavily reduced electron
concentration in between and & wesk high energy tail. In turn, this type of
distribution will give a double probe curve with a ™kink" nesr the origin if most
of the electroms are "cold". These facts correlate strongly both qualitatively
and quantitatively vith the experimental resulte of Secs. 3.3.3.7 and 3.3.3.8 and
the results of the probe theory of Sec. A2.3.4 for a two-peak electrom energy
distribution.
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